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Nerve injury resulting in muscle paralysis from trauma or surgery is a major medical problem. Repair of such injuries with existing nerve grafting and reconstructive techniques often results in less than optimal outcomes. After previously demonstrating significant return of function using muscle-nerve-muscle (MNM) grafting in a rat facial nerve model, this study compares a variant of the technique, muscle-nerve-nerve (MNN) neurotization to MNM and interposition (IP) nerve grafting. Thirty male rats were randomized into four groups (1) control with no intervention, (2) repair with IP grafts, (3) MNM grafts and (4) MNN grafts. All groups had the buccal and marginal mandibular branches of the right facial nerve resected. Return of vibrissae movement, orientation, and snout symmetry was measured over 16 weeks. Functional recovery and muscle atrophy were assessed and quantified. All interventions resulted in significant improvement in vibrissae movement and orientation as compared to the control group (p < 0.05). The MNM and MNN groups had significantly less time to forward vibrissae movement as compared to controls (p < 0.05), and a large number of animals in the MNN group had coordinated vibrissae movement at 16 weeks. MNN and IP grafts retained significantly more muscle mass as compared to control (p < 0.05). Thus, MNN grafting is a promising adjuvant or alternative technique for reanimation for patients with unilateral peripheral nerve injury who are not candidates for primary neurorrhaphy.
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INTRODUCTION

Nerve injuries resulting in muscle paralysis are usually a result of trauma or surgery and represent a major medical problem. Existing nerve grafting and reconstructive techniques for the repair of such injuries can result in less than ideal functional outcomes with synkinesis and unpaired movement. Immediate coaptation of the severed nerve is the optimal solution, but when this is not feasible, other strategies are necessary to induce restoration of muscle function. Such techniques include, nerve grafts, splitting nerves longitudinally to share fascicles with the denervated muscle, end-to-side grafting, nerve-muscle pedicles, and direct muscular neurotization by implanting the distal end of a nerve into denervated muscle (1–5).

Muscle-nerve-muscle (MNM) grafting uses an autogenous nerve graft that serves as a conduit pairing an innervated, normally functioning muscle with a denervated muscle. After interposing the harvested graft between the muscles, axonal sprouting is induced in the normal muscle and traverses the graft to innervate the denervated muscle. Thus, when the normal muscle is stimulated, simultaneous contraction of the paired, denervated muscle is observed. MNM grafting has the advantages of being relatively simple technically and having minimal associated risk or morbidity. This technique has been described to be effective in rat facial nerve and somatic nerve models, a dog laryngeal nerve model, and in a limited number of human facial nerve patients (5–8). We previously demonstrated the feasibility and comparable results of this grafting technique to other nerve grafting techniques, and the potential of using multiple grafts in order to try to “amplify” the nerve signal and improve results further (5, 9).

This paper is the first to describe a variant of the MNM model in which one end of the nerve conduit is embedded into the normal muscle and the other end is anastomosed to the severed distal nerve that supplied the denervated muscle. We hypothesized that this new MNN group would have improved functional movement, decreased muscle atrophy, and histologic evidence of increased reinnervation compared to controls and MNM grafted groups. Further, the MNN group would have improved innervation by utilizing the original intact nerve-muscle junctions of the denervated muscle and would be more effective than the MNM technique of embedding the nerve into the affected muscle and awaiting new nerve-muscle junctions to form. We also compared to the MNN to the “gold” standard of direct nerve coaptation. The potential applications of such a technique in treating facial nerve paralysis, paralysis of the larynx, and other unexplored areas are great.



MATERIALS AND METHODS


Animals

Thirty male Sprague-Dawley rats (200 g) from Envigo (Indianapolis, Indiana, USA) were housed under a 12-h light/dark cycle and received a standard rodent diet and water ad libitum. All surgical procedures were completed in accordance with the National Institutes of Health guidelines on care and use of laboratory animals for research purposes and approved by the institutional animal care and use committee at Edward Hines Jr. VA Hospital.

Animals were randomly assigned to one of four groups: no graft (CTL) (negative control), interposition (IP) graft, MNM graft, and MNN graft. All animals then underwent a right transfacial approach with concurrent parotidectomy. The buccal and marginal mandibular branches were immediately identified deep to the subcutaneous tissues. Retrograde dissection of these branches allowed for identification of the main trunk of the facial nerve. The buccal and marginal mandibular facial nerve branches were harvested from their initial ramification to their distal insertion into the muscles of the vibrissae, yielding ~2.0 cm segments, and were subsequently used as the nerve grafts. The incision was extended across the snout to expose the contralateral vibrissae muscle pad in all groups.

The procedures are schematically depicted in Figure 1. Dashed lines represent nerves that were removed and the black “X” demonstrates where the nerve graft was sutured (adapted with permission from Braintree Scientific, Inc.) (10). The buccal (orange) and mandibular (red) branches were removed from the control animals with no further intervention as previously depicted (9).


[image: Figure 1]
FIGURE 1. Illustrations depicting of the MNM grafting technique with two grafts (A), and the MNN (B) grafting technique are displayed. These images were adapted from drawings with permission from Braintree Scientific, Inc. (10). The buccal branch is displayed in orange and the marginal mandibular branch is in red. The dashed nerve lines represent when the nerves was removed. The black X demonstrates all the places where the nerve grafts were sutured.




Interposition (IP) Graft Repair

The buccal and marginal mandibular facial nerve branches were dissected and harvested as previously described (5). The buccal nerve graft served as the graft for the mandibular branch and was sutured to the nerve stumps of the mandibular branch. The mandibular nerve graft served as the graft for the buccal branch and was sutured to the nerve stumps of the buccal branch with 9-0 nylon sutures through the epineurium as previously depicted (9).



Muscle-Nerve-Muscle Grafting Repair

In the group that had the MNM repair technique, the buccal and mandibular nerve branches were harvested and sewn from the denervated right levator labii superioris muscle pad into the innervated left levator labii superioris muscle pad as previously described (5). The two nerve grafts were tunneled ~1–2 mm into superior portion of the right levator labii superioris muscle parallel to the muscle fibers, and secured with 9-0 nylon sutures through the epineurium (Figure 1A). An incision was then made in the innervated left levator labii superioris muscle bed where the graft was embedded to introduce trauma to the axons in the muscle pad to induce axonal sprouting into and across the grafts.



Muscle-Nerve-Nerve Grafting Repair

In the group undergoing MNN repair, the buccal, and mandibular nerve branches were harvested and the distal ends of the two nerve grafts were implanted into the superior portion of the left unaffected levator labii superioris muscle, parallel to the muscle fibers, The proximal end of the buccal branch were sutured to the nerve stump of the mandibular branch, and the proximal end of the mandibular branch was sutured to the nerve stump of the buccal branch (Figure 1B).



Functional Assessments

Animals were observed weekly for 16 weeks to assess functional recovery of vibrissae movement and orientation and snout symmetry. This time frame was chosen based on our previous study that demonstrated a large proportion of animals experienced some intervention dependent functional recovery by 16 weeks (5, 9). Recovery of facial nerve function on the right denervated side was compared to the innervated left side. All functions were assessed by two laboratory technicians in a blinded manner. Vibrissae movement was assessed utilizing a 6-point scale as previously described (9). Briefly, 1 represented no movement, 2 represents vibration, 3 represented the onset of whisking movement, 4 represented forward but delayed whisking, 5 represented forward coordinated movement with the innervated side of unequal intensity, and 6 represented a forward coordinated movement with equal intensity to the innervated side. Vibrissae orientation was assessed on a 3-point scale, where 1 represented vibrissae on the denervated side flattened against the face, 2 represented vibrissae that are less flattened and oriented more forward, but not matching the innervated side, and 3 represented vibrissae on the denervated side indistinguishable from the innervated side. Symmetry of the snout from the midline was quantified on a 4-point scale, where 1 represented minimal symmetry (~45-degree deflection from midline), 2 represented mild symmetry (30 degrees from midline), 3 represented moderate symmetry (15 degrees from midline), and 4 represented complete symmetry.



Muscle Weights

At the end of the 16-week experiment, animals were euthanized by isoflurane overdose. The denervated and innervated mystacial vibrissae muscle pads, containing the levator labii superioris, dilator naris, nasolabialis profundus, and the maxiolabialis, were dissected out from the nasal bone through the premaxillary bone and weighed [anatomy described by Haidarliu et al. (11)]. Muscle atrophy was calculated as a standardized percentage of the denervated vibrissae muscle pad weight to the innervated vibrissae muscle pad weight.



Statistical Analysis

Significant changes in vibrissae movement, orientation, and nose symmetry were determined using a two-way analysis of variance [ANOVA; factors = time (days post-operative) and treatment], followed by a Newman Keuls' multiple comparison post-hoc test. Significant changes in muscle weights amongst the groups were determined using one-way ANOVA followed by Tukey's multiple comparison test (GraphPad Prism). All data is represented as Mean ± SEM An a priori repeated measures ANOVA (within-between interaction) power analysis was run (effect size f = 0.24, α = 0.05, power = 0.95) using G*Power 3.1 determined the total sample size for the 4 groups was 28.




RESULTS


Functional Recovery

The effects of the grafting techniques on recovery of facial function was followed for 16 weeks following the surgical intervention. Figure 2A displays the significant improvement in vibrissae movement among all three intervention groups as compared to the CTL group. Significance in both grafting technique and time was shown by the two-way ANOVA. The multiple comparisons test revealed statistical significance amongst the three grafting techniques as compared to the CTL group (**p < 0.01 and *p < 0.05 all groups compared to control, ap < 0.05 MNN alone as compared to CTL, bp < 0.05 MNM and MNN as compared to CTL, and cp < 0.05 MNN and IP as compared to CTL). The MNN and MNM grafting groups had a significantly faster return of forward vibrissae movement (defined as a score of 4 or greater) when compared to the CTL group (**p < 0.01), with an average return of movement at 60.38 ± 1.84 and 60.38 ± 2.63 days as compared to 91.00 ± 13.28 days, respectively (Figure 2B). At the end of the 16 experiment, 50% of MNN animals, 38% of IP, and 13% of MNM, achieved coordinated vibrissae movement (defined as a score of 5 or greater) (Table 1). However, none of the CTL animals achieved coordinated vibrissae movement. All interventions significantly improved vibrissae orientation compared to the CTL (*p < 0.05) (Figure 2C). In terms of snout symmetry (assessed on a 4-point scale), all three intervention groups reached a mean score of ~2.5 while the control group reached a score of 2. Although not statistically significant at 16 weeks, all three intervention groups reached their final symmetry scores sooner than the control group (*p < 0.05) (Figure 2D).


[image: Figure 2]
FIGURE 2. Functional recovery results: weekly vibrissae movement scores (A), number of days until each group achieved forward vibrissae movement (defined as a score of 4 or above) (B), weekly vibrissae orientation scores (C), weekly snout symmetry scores (D). Data represented as Mean ± SEM (**p < 0.01 as compared to CTL, *p < 0.05 all groups compared to control, ap < 0.05 MNN alone as compared to CTL, bp < 0.05 MNM and MNN as compared to CTL, and cp < 0.05 MNN and IP as compared to CTL).



Table 1. Percentage of animals per group achieving coordinated forward vibrissae movement (defined as a score of 5 or above) at 16 weeks.

[image: Table 1]



Muscle Atrophy

To determine the effect of the grafting techniques on muscle atrophy, the muscle pads were dissected and weighed. The muscle pads of the CTL group, with no attempt at reinnervation, weighed 252.6 ± 28.5 milligrams (mg) or 55.86 ± 0.63% the size of the uninjured muscle pad weight at 16 weeks. A significant effect of the grafting techniques was determined by the ANOVA [F(3, 28) = 1.990, p = 0.0076]. The multiple comparisons test revealed that he IP and MNN groups retained significantly more muscle pad weight at 346.8 ± 23.5 and 400.5 ± 14.4 mg or 72.69 ± 4.35 and 70.94 ± 2.78%, respectively (*p < 0.05 as compared to CTL) (Figure 3). Although the weight of the muscle pads from the MNM group increased to 428.7 ± 43.2 mg or 69.54 ± 3.49% of the uninjured muscle pad, this change was not significant.


[image: Figure 3]
FIGURE 3. Mean vibrissae muscle pad weight in each group. Muscle atrophy was determined by calculating the denervated muscle pad weight as standardized to that of the innervated muscle pad. Data represented as Mean ± SEM (*p < 0.05).





DISCUSSION

Neurotization, the implantation of a nerve directly into a denervated muscle, was first described in the early 1900's by Hacker. Direct neurotization was initially explored for use of denervated muscles in poliomyelitis (12). This technique has proven successful in multiple animal studies, but its clinical use has only sporadically been described in the literature (12). Clinically, more conventional methods for reconstruction, including nerve grafting and nerve transfer techniques, have been employed. These conventional methods require either the presence of both ends of a severed nerve, or they utilize unrelated motor nerves that potentially provide muscle tone or learned muscle contractions.

In previous papers, we explored the method of direct neurotization using a muscle-nerve-muscle graft (5, 9). We demonstrated that an innervated muscle will sprout axons that enter and transverse the graft, and innervate a denervated muscle. In the current study, we describe the MNN grafting technique which is a variant to the MNM model in which one end of the nerve conduit is embedded into the normal muscle and the other end is anastomosed to the severed distal nerve that supplied the denervated muscle. Although IP grafting is typically the ideal surgical strategy, MNM and MNN grafting techniques have multiple advantages. IP grafting often times results in synkinesis and unpair movements. In paired, symmetrically functioning muscles such as in the face and larynx, the potential of symmetrical movement can be realized with the MNM and MNN grafting techniques. It can be highly advantageous to capitalize on the property of symmetric movements with unilateral deficits and use the uninjured side to supply the injured side with innervation or some form of signaling (13). Although independent, unilateral functioning would not occur with neural pairing of these symmetrical muscles, for most purposes, the motor deficit would be minimized.

Poor axonal regeneration across the injury site had been well-established in multiple peripheral nerve injury models and many studies have explored therapeutic agents, including the use of electrical stimulation, to improve the efficacy of axonal regeneration across the injury site (5, 14–18). The IP grafting technique requires two sutured sites to be traversed by the sprouting axons. Although the MNM and MNN grafting techniques does not eliminate the need for a harvest nerve graft, they do reduce the need for surgical neurorrhaphy. The MNM grafting technique eliminates all surgical neurorrhaphy while MNN grafting technique reduces the number of suture sites for the regenerating axon to transverse to only one. However, one limitation of the MNN and MNN techniques is that their success depends on sprouting axons from the donor muscle to enter the graft.

This paper is the first to demonstrate the use of muscle-nerve-nerve grafting as an alternative option to interpositional grafting. In this study, animals that had the MNN grafting repair recovered facial behavioral function similar to the animals that had the IP and MNM grafting repair techniques. The behavioral results from the IP and MNM grafting groups in this study were consistent with our previous findings (5, 9). These data suggest that in surgical situations when IP grafting may be challenging including trauma or tumor removal, the MNN grafting repair may be a promising alternative surgical option to gain symmetric axonal regeneration.

In our previous study, the lower zygomatic branch of the facial nerve was identified and noted to contribute to whisking outcomes (9). When the lower zygomatic branch was transected, animals did not achieve any recovery of facial function. In the current study, we did not transect this branch in an attempt to have earlier and greater recovery in the intervention groups. Allowing the lower zygomatic branch to remain intact lead to some recovery in the control group, most likely as a result of axonal compensation. However, the improvement in movement in the MNN or MNM groups compared to the control group in this paper is considered the contribution of the nerve graft(s). Since it was hypothesized that earlier and potentially greater recovery would be observed because the lower zygomatic branch remained intact in these animals, the 16- week experimental time course remained consistent with our prior studies (9). However, this study could have benefited from a longer experimental time course which to capture the overall potential of the grafting techniques.

Muscle atrophy was significantly decreased, and vibrissae movement was significantly improved in the IP and MNN grafting groups compared to the control group. However, most promising was the finding that the MNN grafting technique was comparable to the clinically widely accepted IP grafting technique in both attaining vibrissae movement as well as minimizing muscle atrophy. No difference was observed between the MNM and MNN grafting. We hypothesize that since the IP and MNN grafting techniques utilize the distal nerve as part of the nerve conduit, the original neuromuscular junctions have the potential to provide enhanced muscle reinnervation. Future studies will examine the histological differences in neuromuscular junction occupancy in all groups.

In some regard, the MNM and MNN techniques are new paradigms for reinnervation. These are the only models in which neural input for a denervated muscle is not coming directly from the nervous system. All other techniques utilize damaged, altered, or misfit inputs directly from the peripheral nervous system (PNS). Common otolaryngologic examples include the XII-VII grafting for facial nerve paralysis and the ansa hypoglossi-recurrent laryngeal nerve anastomosis for vocal cord paralysis (19–23). These nerve grafts normally innervate multiple, independently functioning muscles and thus bring misfit signals from the PNS to muscles whose function is completely different from the nerves' intended purpose. To the contrary, the MNM and MNN grafts bring signals directly from muscles, not from the PNS. Also, the signals they carry are simplified, only transmitting neural input from a single source that induces muscle contraction from a similar, single functioning muscle (the dilator naris muscle). Although this technique can lead to damage to the healthy, contralateral muscle pad, trauma to this area is minimal and no significant detrimental effects were noted in the contralateral whisking and snout function.

It may be reasoned that innervating a paralyzed muscle with the nerves from an intact muscle is essentially creating one functioning muscle from two. By doing so, contraction of the denervated muscle has the potential to be more specific, more natural, and stronger. Stimulation of the intact muscle would result in near simultaneous contraction of both muscles. Note that this idea is only an extension of what actually occurs when reinnervation of the distal denervated portion of a lacerated muscle transpires by ingrowth of nerves from the muscle's proximal intact nerve (18). Thus, the MNM and MNN techniques may also be considered when repairing lacerated muscles or when attaching muscle flaps to partially resected muscles. It is important to recognize that these techniques are unique in that they can be utilized in scenarios as described above in which a proximal nerve stump is not present. The MNM or MNN technique could create a muscle flap that potentially becomes a functional extension of the muscle from which it receives its graft.

Many questions remain regarding the efficacy and potential applications of MNM and MNN grafts. Future studies are needed to determine how long after muscle denervation the grafts will be effective and whether there is the limiting length of the graft. We will also explore possible neurotherapeutic strategies to enhance axonal sprouting from the innervated muscle as well as enhance axonal regeneration across the sutured site. Lastly, we will explore whether artificial grafts will function as well as autogenous ones.



CONCLUSION

This is the first study to evaluate the efficacy of MNN neurotization for facial nerve injury. Our results suggest MNN grafting is a viable technique for repair of unilateral peripheral nerve paralysis. For patients with unilateral peripheral nerve injury, particularly those who are not candidates for primary neurorrhaphy, this study provides a promising adjuvant or alternative technique for reanimation and reinnervation. Future studies may explore MNN grafting in the larynx, smaller facial nerve branches, extremities, and other areas of denervation.
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After nerve injury, both Schwann cells and neurons switch to pro-regenerative states. For Schwann cells, this involves reprogramming of myelin and Remak cells to repair Schwann cells that provide the signals and mechanisms needed for the survival of injured neurons, myelin clearance, axonal regeneration and target reinnervation. Because functional repair cells are essential for regeneration, it is unfortunate that their phenotype is not robust. Repair cell activation falters as animals get older and the repair phenotype fades during chronic denervation. These malfunctions are important reasons for the poor outcomes after nerve damage in humans. This review will discuss injury-induced Schwann cell reprogramming and the concept of the repair Schwann cell, and consider the molecular control of these cells with emphasis on c-Jun. This transcription factor is required for the generation of functional repair cells, and failure of c-Jun expression is implicated in repair cell failures in older animals and during chronic denervation. Elevating c-Jun expression in repair cells promotes regeneration, showing in principle that targeting repair cells is an effective way of improving nerve repair. In this context, we will outline the emerging evidence that repair cells are sustained by autocrine signaling loops, attractive targets for interventions aimed at promoting regeneration.

Keywords: PNS, repair Schwann cell, c-Jun, regeneration, nerve injury, Schwann cell


INTRODUCTION

After nerve injury, both neurons and Schwann cells undergo radical change as they adopt phenotypes dedicated to support repair (Figure 1). The neurons reprogramme to cell-autonomous regenerative units, a process that entails a substantial change in gene expression and a switch of function from that of cell-cell signaling to that of axon building. The injury response of Schwann cells is equally impressive, involving the reprogramming of myelin and Remak cells to repair Schwann cells, a Schwann cell phenotype specialized for promoting axonal regeneration. As a result, the PNS has a striking regenerative potential (Boyd and Gordon, 2003; Jessen and Mirsky, 2005; Allodi et al., 2012; Scheib and Höke, 2013; Doron-Mandel et al., 2015; Jessen et al., 2015; Fawcett and Verhaagen, 2018; Jessen and Arthur-Farraj, 2019; Jessen and Mirsky, 2019b; Stierli et al., 2019; Nocera and Jacob, 2020; Min et al., 2021). Despite this, nerve injuries remain an important clinical problem. Workers in the field of nerve repair will be familiar with two central issues: First, that the regenerative capacity of nerves declines dramatically with age and, second, that after injury, the chronically denervated distal nerve stump gradually loses the ability to support axonal regeneration, an important reason for poor outcomes after all but the most distal nerve injuries (reviewed in Vaughan, 1992; Verdú et al., 2000; Höke, 2006; Sulaiman and Gordon, 2009; Painter, 2017).
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FIGURE 1. After peripheral nerve injury, both Schwann cells and neurons change function and switch to pro-regenerative states.



What would cause the inherent regenerative capacity of the PNS to be compromised in this way? Are these two phenomena mechanistically unrelated, or perhaps linked? Might it even be possible to find common molecular mechanisms that connect these two apparently dissimilar situations in which regeneration falters?

The answers can be traced back to the identification of the transcription factor c-Jun in Schwann cells in the 1990s and to the seminal work of J. Z. Young and his colleagues half a century earlier. Not only were they the first to experimentally compare regeneration in young and aging animals (Gutmann et al., 1942), but they also provided the first evidence that axons regenerated poorly through chronically denervated distal nerve stumps (Holmes and Young, 1942). A striking elevation of c-Jun in Schwann cells after nerve injury was first reported by De Felipe and Hunt (1994), Stewart (1995), and Shy et al. (1996). The key function of this protein in Schwann cells was unknown until it was found that nerve regeneration was severely compromised in mice in which c-Jun had been selectively inactivated in Schwann cells (Arthur-Farraj et al., 2012; Fontana et al., 2012). High c-Jun levels were shown to be required for successful Schwann cell reprogramming to repair cells after injury, and for the maintenance of the repair phenotype (reviewed in Jessen and Mirsky, 2016, 2019b; Jessen and Arthur-Farraj, 2019). Most recently, defective c-Jun expression has been linked to the twin problems outlined above, namely the adverse effects of advancing age and chronic denervation on nerve regeneration (Wagstaff et al., 2021). As a necessary amplifier of the repair Schwann cell phenotype, c-Jun is therefore central both to the success and failure of nerve repair.

This review will discuss injury-induced Schwann cell reprogramming and the concept of the repair Schwann cell. We will consider the molecular control of these cells with emphasis on the transcription factor c-Jun and examine the important role of c-Jun in the regeneration deficits imposed by age and chronic denervation. Lastly, we will outline the emerging evidence that repair cells are sustained by a set of autocrine signaling loops, attractive targets for interventions aimed at promoting regeneration.



NERVE INJURY TRIGGERS SCHWANN CELL c-JUN EXPRESSION

The first report of in vivo accumulation of c-Jun protein in Schwann cell nuclei after nerve transection in the adult was made by De Felipe and Hunt (1994), although c-Jun expression had previously been shown in cultures of perinatal Schwann cells (Monuki et al., 1989). The observation of De Felipe and Hunt was confirmed by Stewart (1995) and Shy et al. (1996) who also showed elevation of c-Jun mRNA after injury. If regeneration is prevented after nerve transection, c-Jun protein levels in the distal stump continue to rise for 1–2 weeks, to reach 80–100-fold those seen in intact nerves (Fazal et al., 2017; Wagstaff et al., 2021). In humans also, c-Jun in Schwann cells is elevated both after acute nerve injury, and in various pathological conditions (Hutton et al., 2011; Wilcox et al., 2020, 2021).

In uninjured adult nerves, c-Jun protein and mRNA are detectable, although the levels are very low compared to the injured state. Using sensitive immunohistochemistry, nuclear c-Jun can be shown in 20–30% of myelin Schwann cells of uninjured nerves, while these low basal c-Jun levels are even more easily detectable in Remak cells (Hantke et al., 2014; Klein et al., 2014).

In two situations, repair cells fail to achieve or maintain high c-Jun levels after injury, namely, as animals get older and in chronically denervated distal stumps.

Aging results in altered expression of a significant number of genes, both in uninjured and injured nerves (Painter et al., 2014; Wagstaff et al., 2021). c-Jun is among these age-sensitive genes, and c-Jun mRNA levels are significantly lower in injured nerves of aging compared to young mice. In agreement, four days after transection, c-Jun protein levels in the distal nerve stump of middle-aged mice (8–10 months) are ~50% lower than in young (1–2 months) mice (Wagstaff et al., 2021).

In small animals like rodents, nerves regenerate within weeks after an injury such as nerve crush, and c-Jun is gradually down-regulated as axons direct repair cells back to myelin and Remak cells. In the much larger human nerves, however, it is notable that repair cells distal to regenerating axons may be without axonal contact for months, as axons make their way along the nerve more proximally. This long-term, or chronic, denervation can be modeled in experimental animals by preventing regeneration of axons into the distal stump following nerve transection. Measurements of c-Jun in such chronically denervated mouse distal stumps show that denervated Schwann cells fail to maintain the high c-Jun levels they achieved 1–2 weeks after injury. Instead, c-Jun levels gradually decline, so that eight to 10 weeks after injury, c-Jun is only present at 40–50% of peak levels (Fazal et al., 2017; Wilcox et al., 2020; Wagstaff et al., 2021).

Because high c-Jun levels are instrumental in the reprogramming of myelin and Remak cells to the repair phenotype, the reduced c-Jun expression in repair cells of older animals and in chronically denervated repair cells has important implications for regeneration capacity. These issues are discussed further in subsequent sections.

While high c-Jun levels, such as those seen after injury, are associated with Schwann cell reprogramming, myelin and Remak cells tolerate a lower but significant c-Jun elevation without significant change in their phenotypes. The evidence comes from studies on c-Jun mutants and mouse models of demyelinating disease as discussed in a subsequent section (Hantke et al., 2014; Klein et al., 2014; Fazal et al., 2017).

During development, c-Jun is clearly detectable in the immature Schwann cells of perinatal nerves but decreases to low adult levels during the first 1–2 weeks after birth (Parkinson et al., 2008). It is interesting that this perinatal c-Jun expression appears not to be of great functional significance, because in mice with conditional c-Jun inactivation in Schwann cells (c-Jun cKO mice), nerve development remains essentially normal (Arthur-Farraj et al., 2012). This contrasts with the fundamental importance of c-Jun expression in Schwann cells of injured nerves.

Early observations on the mechanisms that regulate c-Jun levels showed that c-Jun is suppressed by cAMP (Monuki et al., 1989; De Felipe and Hunt, 1994), a signal that drives myelin differentiation in vitro and in vivo (Morgan et al., 1991; Bacallao and Monje, 2015; reviewed in Monk et al., 2015). On the other hand, c-Jun is elevated by Ca++, a signal implicated in activation of the Schwann cell injury response (Smith et al., 1985; De Felipe and Hunt, 1994). In recent work, several other pathways have been implicated in the regulation of Schwann cell c-Jun (reviewed in Boerboom et al., 2017; Jessen and Arthur-Farraj, 2019). More remains to be learned about how Schwann cells first detect axonal injury, what triggers increased c-Jun expression, and how Schwann cell c-Jun levels are regulated subsequently.



WHEN REGENERATION FAILS: AGING AND CHRONIC DENERVATION

Numerous groups have followed up the pilot observations of Gutmann et al. (1942) and studied what happens to nerve regeneration during aging (reviewed in Vaughan, 1992; Verdú et al., 2000; Painter, 2017). This has established unambiguously that aging results in a substantial reduction in regenerative capacity, and that many of the adverse effects of aging are already seen in middle-age. Age-dependent decline in repair affects humans as well as experimental animals. Aging is accompanied by slower and less extensive axonal regrowth, delayed target innervation, and slow breakdown of myelin and axonal debris. There are significant changes in gene expression in peripheral nerves between young and aging animals, both before and after injury, including reduced expression of certain trophic factors such as GDNF and betacellulin (Painter et al., 2014; Wagstaff et al., 2021). Notably, age-dependent failures of regeneration are mainly caused by deterioration of repair Schwann cells rather than neurons (Painter et al., 2014).

While the adverse consequences of chronic denervation are particularly significant in larger animals such as humans, much has been learned about the underlying mechanisms from animal models. An early study (Holmes and Young, 1942) used rabbits to show that nerve stumps denervated for 3 months had reduced capacity to support axonal regeneration. Several groups confirmed these experiments using rats, although the time course of decline differs somewhat between reports. While regeneration support is little changed by 1 month of denervation, some studies already report deterioration by 2 months. Further reduction in regeneration is seen after 3 and 6 months of denervation (Fu and Gordon, 1995; Vuorinen et al., 1995; Sulaiman and Gordon, 2000; Jonsson et al., 2013; Ronchi et al., 2017; reviewed in Vaughan, 1992; Verdú et al., 2000). Our studies on mice show that by 2-and a-half month, the ability of chronically denervated distal stumps to support axon growth is reduced by about 50% (Wagstaff et al., 2021).

Holmes and Young (1942) concluded that “some factor is operating in these degenerated stumps to reduce the rate of advance of regenerating fibers”. It turns out the “factor” is more likely to be the absence of factors since during chronic denervation repair Schwann cells gradually decrease expression of several genes implicated in the support of injured neurons and axon growth. This includes GDNF, BDNF, NT3, and NGF (Eggers et al., 2010; reviewed in Boyd and Gordon, 2003; Höke and Brushart, 2010). Thus, the repair phenotype represents a transient differentiation state that fades with time. In larger nerves, such as those in humans, this becomes a significant obstacle to effective repair. Eventually, Schwann cell numbers also decline during chronic denervation, although this has not been extensively quantified. For several reasons, this is unlikely to explain the decline in regeneration support provided by distal stumps after 2 to 3 months of denervation (for discussion see Jessen and Mirsky, 2019b) although it will become important at later times. Thus, repair cell deterioration during chronic denervation likely proceeds in two steps: First, the dedifferentiation of repair cells, namely the gradual loss of the repair-supportive features that characterize these cells soon after injury. Second, the eventual death of dedifferentiated repair cells.

As described in a previous section, c-Jun is among the repair genes that show decreased activation after injury in middle-aged animals compared to young ones, and both in rodents and humans c-Jun fails to be maintained at high levels during chronic denervation (Wilcox et al., 2020, 2021; Wagstaff et al., 2021). To appreciate the significance of reduced c-Jun in these situations, it is helpful to analyze the Schwann cell injury response and outline the function of c-Jun in repair Schwann cells.



c-JUN IS A GLOBAL AMPLIFIER OF THE SCHWANN CELL INJURY RESPONSE

The Schwann cell injury response is more radical and better characterized in myelin cells than in Remak cells (Figures 2–4; reviewed in Chen et al., 2007; Glenn and Talbot, 2013; Jessen et al., 2015; Jessen and Mirsky, 2016, 2019b; Jessen and Arthur-Farraj, 2019; Zigmond and Echevarria, 2019; Kolter et al., 2020; Nocera and Jacob, 2020; Arthur-Farraj and Coleman, 2021; Min et al., 2021). This reprogramming event involves three types of change: (i) Up-regulation of repair phenotypes. This includes activation of trophic support for neurons and of the innate-immune response and recruitment of macrophages, up-regulation of myelinophagy for myelin clearance, and cellular elongation and branching leading to the formation of regeneration tracks (Bungner bands). (ii) Down-regulation of myelin genes; (iii) Activation of EMT/stemness genes.
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FIGURE 2. The Schwann cell injury response. Key events during the reprogramming of myelin cells to repair Schwann cells. Arrows indicate events subject to c-Jun regulation (for references see text).
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FIGURE 3. Changes in Schwann cell size during development and after injury. Shown in green are fluorescent images of immature Schwann cells, myelin and Remak cells, and the repair cells derived from them. The cells are shown to scale and illustrate cells of average length. The images are obtained after genetic labeling in vivo (modified from Gomez-Sanchez et al., 2017).




[image: image]

FIGURE 4. The conversion of myelin cells to repair cells and the formation of Bungner bands.



As with injured neurons, the injury-induced reprogramming of myelin to repair cells is accompanied by a change in function, in this case from that of promoting fast axonal conduction to that of supporting injured neurons. And, interestingly, not only in Schwann cells but also in neurons, c-Jun is necessary for the regenerative response to injury but unimportant for development. Thus, in mice without c-Jun in neurons, axonal growth and the general development of the nervous system is essentially normal although the intrinsic ability of adult neurons in these mice to regenerate axons after an injury is compromised (Raivich et al., 2004; Zhou et al., 2004).

Among the first reported functions of c-Jun in Schwann cells was the suppression of myelination and myelin genes, rather than the promotion of nerve repair (Parkinson et al., 2004). c-Jun showed a cross-inhibitory relationship with the pro-myelin transcription factor Krox20/Egr2 and suppressed the ability of Krox20/Egr2 to activate myelin genes (Parkinson et al., 2004, 2008). Several other factors expressed in perinatal nerves share this ability to suppress myelin genes and myelination. These negative regulators of myelination include, in addition to c-Jun, Notch, Sox2, and Id2 (Parkinson et al., 2008; Woodhoo et al., 2009; Roberts et al., 2017; Florio et al., 2018; reviewed in Jessen and Mirsky, 2008). During development, negative regulation of myelination is not an important function of c-Jun, since developing and adult nerves are essentially normal in c-Jun cKO mice. During the Schwann cell injury response, however, c-Jun-mediated suppression of myelin genes has a significant role as outlined below.

The importance of c-Jun for the Schwann cell injury response first became clear when it was found that in mice lacking c-Jun specifically in Schwann cells (c-Jun cKO mice), sciatic or facial nerve injury results in a broad spectrum of regenerative abnormalities (Figures 5–7; Arthur-Farraj et al., 2012; Fontana et al., 2012; reviewed in Jessen and Mirsky, 2016, 2019b). In these mice, axonal injury causes excessive death of sensory and motor neurons (Figure 5). Axonal regeneration in vivo is strongly compromised, and in line with this cell culture studies show directly that c-Jun levels in Schwann cells control the elongation rate of the axons associated with them (Arthur-Farraj et al., 2012; Huang et al., 2019). In the c-Jun cKO mice, down-regulation of myelin genes after an injury is delayed and incomplete, activation of myelinophagy is suppressed (Gomez-Sanchez et al., 2015) and myelin clearance is compromised (Figure 6). In vitro, c-Jun knockout Schwann cells adopt a flattened morphology rather than the typical bi-or tri-polar shape of cultured Schwann cells, and in line with this, the regeneration tracks (Bungner bands) in the cut nerves of c-Jun cKO mice are disorganized (Figure 7). In the distal stump of cut c-Jun cKO nerves, 173 genes are differentially expressed compared to cut wild type nerves and six miRNAs are also dis-regulated. At the protein level, NCAM and p75NTR are over-expressed while NCAD is under-expressed (Arthur-Farraj et al., 2012, 2017). It is striking that this c-Jun regulated program represents a relatively small fraction of the molecular changes induced by injury which extends to some 4,000–5,000 genes. This is in line with the notion that c-Jun has an important but restricted function in injured nerves, specifically regulating the collection of events involved in the reprogramming of Schwann cells to generate repair cells. Thus c-Jun functions as an essential global amplifier of the repair cell phenotype.
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FIGURE 5. Death of injured neurons without Schwann cell c-Jun. In the absence c-Jun activation in Schwann cells, nerve transection causes extensive death of large and small DRG neurons and facial motor neurons (modified from Arthur-Farraj et al., 2012).
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FIGURE 6. Myelin clearance and autophagy are regulated by c-Jun. (A) Electron micrograph of 3-day cut WT and c-Jun cKO sciatic nerves, showing relative preservation of intact myelin sheaths in the mutant; quantification shown in (B). (C) Failure of myelin breakdown in c-Jun cKO Schwann cells in culture, shown by the persistence of myelin debris in mutant cells maintained for 6 days in vitro. (D) c-Jun cKO nerves show reduced autophagic flux (LC3 ll accumulation) compared to WT nerves (modified from Gomez-Sanchez et al., 2015).
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FIGURE 7. The structure of regeneration tracks (Bungner bands) is regulated by Schwann cell c-Jun. Electron micrographs showing transverse sections of the distal stump of mouse sciatic nerve 4 weeks after cut. (A) WT nerve showing normal Bungner bands. (B) c-Jun cKO nerve showing distorted Bungner bands. (C,D) Quantification of the roundness and number of Schwann cell profiles in Bungner bands. Scale bar 1 μm (modified from Arthur-Farraj et al., 2012).





MAINTAINING SCHWANN CELL c-JUN PREVENTS REGENERATION FAILURE DUE TO AGE AND CHRONIC DENERVATION

The twin observations that c-Jun boosts repair cell function and that c-Jun levels are reduced as the cells lose the capacity to support regeneration in older animals and during chronic denervation, suggest a causal link. Namely that the failure of repair cells in these two situations is a consequence of reduced c-Jun. If this were the case, preventing the loss of c-Jun should also prevent the decline in regeneration. This question was addressed in a recent publication (Wagstaff et al., 2021). To prevent the reduction in c-Jun in older or chronically denervated Schwann cells, the authors generated a mouse in which Schwann cells alone expressed a c-Jun transgene in addition to endogenous c-Jun (c-Jun OE/+ mice). In these mice, c-Jun levels in uninjured nerves were still low, although about seven-fold higher than the very low levels in wild type control mice, and the nerves were normal except for a slight reduction in myelin thickness (Fazal et al., 2017).

Studying the effects of age, Wagstaff et al. (2021) found that while the c-Jun response to acute nerve injury (3-day cut) in middle-aged wild type mice reached only ~50% of that in young ones, this drop was not seen in middle-aged c-Jun OE/+ mice, where c-Jun levels after injury remained similar to those in young ones. Measurements of regeneration after nerve crush using neuron backfilling showed that in wild type mice, age reduced regeneration by about 50%, as expected. This was not the case in c-Jun OE/+ mice, however, where regeneration capacity was undiminished by age, similar numbers of motor and DRG neurons regenerated in the nerves of young and middle-aged mice (Wagstaff et al., 2021).

Analyzing chronic denervation, it was found that one week after injury, c-Jun elevation was similar in wild type and c-Jun OE/+ mice. But in c-Jun OE/+ mice, c-Jun levels stayed constant during a subsequent 10 week period of chronic denervation, while they dropped by about 60% in wild type nerves (Wagstaff et al., 2021). Comparing regeneration through 1-week and 10-week denervated distal stumps of the c-Jun OE/+ and wild type mice showed, first, that regeneration through short-term (1-week) denervated stumps was similar in the two mouse strains, where c-Jun levels were similar; second, that in wild type mice regeneration through chronically (10-week) denervated stumps was substantially reduced, as expected, and third, that in c-Jun OE/+ mice, regeneration through 10-week denervated stumps, where c-Jun levels are maintained, did not decline but remained similar to that seen with 1-week stumps. These results were obtained both with spinal cord motor neurons and DRG sensory neurons. In these experiments, therefore, preventing the decline in Schwann cell c-Jun levels during chronic denervation prevented the decline in axonal regeneration (Wagstaff et al., 2021).

These experiments suggest that defective c-Jun expression in repair cells is an important factor in the regeneration failures, particularly those associated with both older age and chronic denervation (Figure 8). They show also that correcting defective c-Jun levels corrects regeneration deficits, pointing to the c-Jun regulated program as a target for treatments aimed at improving nerve regeneration.


[image: image]

FIGURE 8. Failure of c-Jun expression in repair cells prevents successful regeneration. Defective c-Jun expression in repair cells is an important factor in regeneration failures associated with both aging and chronic denervation. Because correcting defective c-Jun levels corrects regeneration deficits, pathways that regulate c-Jun levels are a potential target for treatments for improving nerve regeneration (for references see text).





THE c-JUN REGULATED SCHWANN CELL RESPONSE TO NEUROLOGICAL DISEASE

Schwann cell c-Jun is elevated in several human neuropathological conditions, although these disease states do not involve mechanical injury to axons, i.e., transection or crush, as mentioned above (Hutton et al., 2011; Wilcox et al., 2020, 2021). Increased c-Jun levels in uninjured nerves have also been studied in mice, both in disease models and c-Jun over-expressing mutants. This work has given rise to the idea that, in addition to the function of high Schwann cell c-Jun after injury, a more modest c-Jun elevation in uninjured nerves, even in Schwann cells that still retain myelin and Remak phenotypes, also activates a neuron-supportive Schwann cell program that protects against neurological damage.

This is based on studies on the dose-dependence of c-Jun function using heterozygous (c-Jun OE/+) and homozygous (c-Jun OE/OE) c-Jun over-expressing mice, and on examining mouse models of Charcot-Marie-Tooth (CMT)1A and CMT1X disease (Hantke et al., 2014; Klein et al., 2014; Fazal et al., 2017). In c-Jun homozygous over-expressing mice (c-Jun OE/OE mice; Fazal et al., 2017), a 28-fold elevation of c-Jun in Schwann cells causes hypomyelination pathology, implicating c-Jun as a candidate gene in demyelinating neuropathies. On the other hand, and as mentioned before, nerves in c-Jun heterozygous over-expressing mice (c-Jun OE/+ mice) where c-Jun is about 6-fold higher than WT are essentially normal (Fazal et al., 2017). Substantially normal myelin and Remak phenotypes despite significant elevation of c-Jun protein are also seen in mouse models of CMT1A and CMT1X (Hantke et al., 2014; Klein et al., 2014). Importantly, these CMT1 models reveal that already at low or moderate c-Jun levels compatible with myelination, c-Jun promotes neuron-supportive signaling from Schwann cells to neurons. Thus, in the C3 mouse model of CMT1A, Schwann cell c-Jun is elevated, but not sufficiently to disrupt myelination. Nevertheless, this results in a marked increase in axonal survival and sensory-motor performance in this disease model (Hantke et al., 2014). In Cx32def mice that mimic CMT1X Schwann cell c-Jun is also elevated. This does not disrupt myelin but is accompanied by increased GDNF expression in myelin Schwann cells (Klein et al., 2014). This suggests that the c-Jun elevation seen in pathological human nerves may indicate an adaptive neuron-supportive Schwann cell response to disease (Hutton et al., 2011; Wilcox et al., 2020, 2021).

While therapeutic boosting of the c-Jun pathway in diseases such as CMT1A might reduce axonal loss, it would need careful adjustment due to the potentially demyelinating effect of high c-Jun levels. Concerning the targeting of the Schwann cell c-Jun pathway for promoting regeneration after an injury it is important to note, first, that there is no evidence that elevation of c-Jun, such as that in the c-Jun overexpressing mice discussed above, is tumorigenic. Theoretically, this is, in any case, unlikely since after injury, wild type Schwann cells re-enter the cell cycle, alter their differentiation state and express very high levels of c-Jun, yet do not develop tumors. As expected, therefore, no tumors were found in 10-month-old homozygous c-Jun overexpressing mice (c-Jun OE/OE mice; Fazal et al., 2017). Second, the elevation of c-Jun that effectively promotes regeneration is compatible with myelination and functional recovery after injury. Thus, in c-Jun OE/+ mice, c-Jun overexpression is sufficient to fully correct regeneration deficits due to advancing age and chronic denervation, as discussed above (Wagstaff et al., 2021). Nevertheless, after nerve crush, sciatic nerves in these mice regenerate to achieve full functional recovery and myelination, although both proceed with a delay and myelin is somewhat thinner than WT, as seen also before injury (Fazal et al., 2017). As discussed further below, time limited and reversible elevation of c-Jun, for instance by hijacking the autocrine signaling loops of repair cells, would likely be an effective therapy for promoting nerve regeneration.



A COMPARISON BETWEEN REPAIR CELLS AND IMMATURE SCHWANN CELLS

Because repair Schwann cells in the adult, and immature Schwann cells in developing nerves, carry out quite different functions, it is not surprising that these cells also diverge in many other ways. This includes a strikingly dissimilar structure, distinct molecular expression and lineage relationships and numerous differences in the molecular machinery that regulates them.

The structure of repair cells is adapted to form the compact cellular columns (Bungner bands) that function as essential regeneration tracks for regrowing axons (Figures 4, 7). As myelin and Remak cells transform to repair cells they undergo a surprising elongation that, together with two-three fold increase in Schwann cell number, will maximize cellular overlap within Bunger bands, and therefore the formation of uninterrupted tracks. Thus, repair cells are about two and three-fold longer than myelin and Remak cells, respectively and seven- to 10-fold longer than immature Schwann cells (Figures 3, 9). Repair cells also adopt a spiraling, corkscrew-like structure and frequently branch forming long parallel processes, both of which are likely to contribute to the generation of tight cellular columns (Gomez-Sanchez et al., 2017). While immature Schwann cells derive from Schwann cell precursors in embryonic nerves (Jessen and Mirsky, 2019a), these and other lineage tracing studies also show conclusively that repair cells in injured nerves derive from adult myelin and Remak cells and revert to those phenotypes after regeneration (Gomez-Sanchez et al., 2017; Stierli et al., 2018).
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FIGURE 9. Changes in Schwann cell length during injury and regeneration. Myelin cells elongate about two-fold to generate repair cells, while repair cells shorten about seven-fold to generate new myelin cells after regeneration (for references see text).



It is well established that the myelin cells that form in nerves after regeneration are short, measuring only 25–30% of the length of myelin cells before injury (Jacobs and Cavanagh, 1969; Gomez-Sanchez et al., 2017). Remarkably, this means that repair cells undergo a radical shortening to only ~13% of their length to form the short internodes of regenerated nerves (Figure 9). The cytoskeletal mechanisms that control the striking elongation and shortening of Schwann cells during injury and regeneration remain to be elucidated.

The distinct structure of repair cells is in part controlled by c-Jun. The regeneration tracks that form in c-Jun cKO mice are conspicuously abnormal, loosely composed of irregular and flattened cells (Figure 7; Arthur-Farraj et al., 2012). Even in cell culture, Schwann cells from c-Jun cKO mice show increased flattening and roundness and lack of processes, instead of the characteristic bi- or tri-polar in vitro morphology of wild type Schwann cells, that reflects their structure in vivo. c-Jun is therefore an intrinsic regulator of the structure of denervated Schwann cells (Arthur-Farraj et al., 2012).

Probably the clearest example of a difference in molecular regulation between developing and repair Schwann cells is provided by c-Jun because this factor is unimportant in immature cells but is a key regulator of adult repair cells. Other examples include the tumor suppressor protein merlin, which is essential for the Schwann cell response to injury and nerve regeneration, although myelination is only slightly and transiently affected in mice with inactivation of merlin in Schwann cells (Mindos et al., 2017). Similarly, chromatin modifications, involving H3K27 demethylations and acetylation and H3K4 methylation promote up-regulation of injury genes and down-regulation of myelin genes in repair cells, although these events are not involved in controlling developmental myelination (Hung et al., 2015; Ma et al., 2016; reviewed in Ma and Svaren, 2018). The transcription factor STAT3 is also unimportant for Schwann cell development but important for long-term repair cell maintenance (Benito et al., 2017).

Several other differences in the molecular regulation between repair cells and developing Schwann cells have also been identified. Autocrine neuregulin signals promote re-myelination by repair cells but not myelination by developing Schwann cells, and axon-associated neuregulin is necessary for developmental myelination but acts only as a timer for re-myelination by repair cells (Fricker et al., 2013; Stassart et al., 2013). Further, ERK1/2 promotes myelin thickness in developing cells but not during re-myelination in the adult, and injury-induced proliferation associated with repair cell generation is controlled by cyclin D1, while this protein does not control the proliferation of developing cells (Kim et al., 2000).

Together these findings demonstrate that the generation of repair cells, and the regulation of their function, depends on mechanisms, including c-Jun, that have minor or no roles during development.



THE PHARMACOLOGY OF REGENERATION: HIJACKING THE AUTOCRINE LOOPS THAT SUPPORT REPAIR CELLS

There is still no generally recognized pharmacological treatment for the promotion of nerve repair. Schwann cells have multiple roles in regeneration, and repair cell malfunction underlies important regeneration failures. It is therefore an attractive option to develop treatments that promote the capacity of repair cells to support regeneration. In support of this, the work on Schwann cell c-Jun outlined above serves as a proof of principle. Namely, that manipulating signaling in repair Schwann cells can be an effective way to promote axonal regeneration.

Therefore, it is interesting that a group of Schwann cell derived signals, exemplified by Shh, neuregulin, TGFß, GDNF, and IGF1, appear to work as endogenous boosters of repair cells. These factors are up-regulated in repair cells, act through autocrine loops to promote repair cell function, and promote regeneration when applied to damaged nerves in vivo (Figure 10). Targeting these pathways is a promising approach for the development of tools for therapeutic use. The data implicating these factors in autocrine repair cell support is outlined below.


[image: image]

FIGURE 10. Repair cells are supported by autocrine signaling loops. Using data on Shh (Wagstaff et al., 2021) the cartoon illustrates the notion that injury activates autocrine loops that support repair cells. Application or enhanced expression of autocrine signals constitute interesting candidates for future therapeutic use.




Sonic Hedgehog

The most recently identified protein that appears to function in this way is Sonic hedgehog (Shh) (reviewed in Moreau and Boucher, 2020). Shh and Gli1, one of the downstream effectors of Shh signaling, are up-regulated in repair cells after injury, while Shh is also expressed in DRG neurons (Hashimoto et al., 2008; Arthur-Farraj et al., 2012; Martinez et al., 2015; Yamada et al., 2018). During chronic denervation, Schwann cell Shh levels gradually fall, like those of c-Jun. In cultured Schwann cells, Shh agonists up-regulate c-Jun protein and c-Jun phosphorylation and promote the expression of two c-Jun targets, GDNF and BDNF (Hashimoto et al., 2008; Wagstaff et al., 2021). Further, in vivo, genetic inactivation of Shh selectively in Schwann cells results in reduced c-Jun expression and phosphorylation after injury and reduced levels of the c-Jun target p75NTR in repair cells. Additional support for a role for endogenous Shh in nerve repair comes from the observation that administration of cyclopamine, a specific blocker of Shh signaling, to injured nerves suppressed the normal injury-induced expression of BDNF and increased the injury-induced death of motoneurons (Hashimoto et al., 2008). Conversely, after nerve injury in vivo, exposure to Shh or Shh agonists promotes nerve regeneration in several experimental paradigms (Pepinsky et al., 2002; Bond et al., 2013; Martinez et al., 2015; Yamada et al., 2018). Since Schwann cells are the major source of Shh in injured nerves, all of this is consistent with autocrine Shh signaling in Schwann cells after injury. This suggestion is supported by the observation that the addition of cyclopamine alone to purified Schwann cell cultures suppresses c-Jun and c-Jun phosphorylation (Wagstaff et al., 2021).

Taken together, these experiments suggest that injury-activated Shh from repair cells promotes regeneration directly by acting on neurons (Martinez et al., 2015) and indirectly by acting back on repair cells to promote the expression of c-Jun and the repair cell phenotype (Figure 10).



Neuregulin

While axon-associated neuregulin 1 type lll is an obligatory survival signal for Schwann cell precursors (Jessen et al., 1994; Dong et al., 1995) and drives developmental myelination (Taveggia et al., 2005), soluble neuregulin 1 type l is expressed by adult Schwann cells and has a role in repair. Nerve injury triggers a strong elevation of neuregulin 1 type l in the Schwann cells of the distal stump that peaks a few days after injury but is significantly reduced after 10–14 days as axons regenerate and re-myelination takes place (Stassart et al., 2013). In chronically denervated Schwann cells, neuregulin 1 expression also declines, albeit much more slowly (Ronchi et al., 2017). Neuregulin 1 applied to regenerating nerves promotes repair in a variety of settings (Mancuso et al., 2016; Yasui et al., 2016; reviewed in Gambarotta et al., 2014; El Soury and Gambarotta, 2019). The mechanism by which this works is likely to be via direct effects on repair cells and perhaps macrophages. Neuregulin 1 activates multiple signaling pathways in Schwann cells including the PI3K–Akt pathway, ERK1/2–MAPK, and calcineurin–NFAT pathways among others (reviewed in Fricker and Bennett, 2011) and can promote Schwann cell proliferation and migration (Chang et al., 2013). Increased neuregulin signaling to repair cells in vivo, by overexpression of ErbB2 receptors strongly elevates c-Jun expression and promotes axonal regeneration (Han et al., 2017). In agreement, soluble neuregulin 1 type l applied at relatively high concentrations in vitro, activates c-Jun and other genes associated with the injury response and suppresses myelin genes (Syed et al., 2010; El Soury et al., 2018). These effects are concentration-dependent, since at lower concentrations, soluble neuregulin 1 promotes myelination (Syed et al., 2010). The effects of neuregulin 1 are also context-dependent and regulated by the cAMP pathway, an important driver of myelination (Monk et al., 2015). When cAMP activation is weak, a high concentration of soluble neuregulin 1 drives Schwann-cell proliferation (Arthur-Farraj et al., 2011), and under these conditions neuregulin 1 induces Schwann cells to secrete factors that promote sympathetic neuron survival and axon outgrowth (Mahanthappa et al., 1996), features characteristic of the repair cell phenotype. However, when cAMP activation is strong, neuregulin 1 triggers the appearance of non-dividing cells that express myelin genes (Arthur-Farraj et al., 2011).

These data are consistent with the view that Schwann cell neuregulin 1 activation functions in an autocrine manner to support nerve repair. Early after injury, high levels of Schwann cell derived neuregulin suppress myelin genes, activate c-Jun and promote Schwann cell reprogramming to repair cells resulting, indirectly, in the stimulation of axonal regeneration (Mahanthappa et al., 1996; Gambarotta et al., 2014). At later times, when myelination starts, neuregulin 1 levels are lower and cAMP signaling stronger, and neuregulin 1 promotes myelination (Syed et al., 2010; Stassart et al., 2013).



Glial Derived Neurotrophic Factor (GDNF)

GDNF is expressed in Schwann cells and up-regulated at the mRNA and protein level after injury, while during chronic denervation, GDNF levels, like those of Shh and c-Jun, gradually decline (Trupp et al., 1995; Naveilhan et al., 1997; Höke et al., 2000, 2002; Barras et al., 2002; Eggers et al., 2010; Fontana et al., 2012; Xu et al., 2013). GDNF is a survival factor for spinal cord motor neurons and a subpopulation of DRG neurons, and application of GDNF to injured adult peripheral nerves protects the spinal cord and facial motor neurons and promotes axonal regeneration (Li et al., 1995; Yan et al., 1995; Naveilhan et al., 1997; Bennett et al., 1998; Chen et al., 2001; Piquilloud et al., 2007; Eggers et al., 2008). GDNF acts on Schwann cells through GFRalpha1/NCAM signaling to affect multiple intracellular pathways, including ERK1/2, CREB, PKA, and PKC (Iwase et al., 2005). Notably, enhanced expression of GDNF in Schwann cells promotes the repair Schwann cell state and inhibits the switch to myelination (Eggers et al., 2013). GDNF is therefore likely to promote regeneration directly and indirectly through action on repair cells and neurons.



Transforming Growth Factor ß (TGFß)

TGFß Is expressed and secreted from Schwann cells and up-regulated after nerve injury (Unsicker et al., 1991; Scherer et al., 1993; Einheber et al., 1995; Stewart et al., 1995; Li et al., 2015). TGFß has multiple effects on Schwann cells. TGFß induces Schwann cell migration (Clements et al., 2017), and promotes either proliferation or apoptosis depending on the status of several other parameters. These include c-Jun levels, cell differentiation state, cell density, and the presence of other signals such as neuregulin 1 or activation of cAMP pathways (D’Antonio et al., 2006; Li et al., 2015 and references therein). TGFß inhibits cAMP-dependent myelin protein expression in Schwann cell cultures and myelination in neuron-Schwann cell cocultures (Morgan et al., 1994; Einheber et al., 1995; Stewart et al., 1995). TGFß applied to cultured Schwann cells also activates c-Jun (Parkinson et al., 2001), and up-regulates the adhesion molecules NCAM and L1 that are expressed by repair cells, but not myelin cells. All of this, suggests that the autocrine effect of TGFß after nerve injury is to promote Schwann cell reprogramming and the expression and function of the repair cell phenotype. Importantly, there is also evidence that TGFß is required for the neurotrophic effect of GDNF, a factor that, in turn, is thought to be central for nerve repair (see above; reviewed in Krieglstein et al., 2002). Potentially, TGFß also suppresses the function of macrophages in injured nerves, a function that has been suggested to promote nerve regeneration (Vidal et al., 2013).

Application of TGFß to injured peripheral nerves is reported to promote regeneration although this field has not yet been studied extensively (Sulaiman and Dreesen, 2014; Wang et al., 2016; reviewed in Sulaiman and Nguyen, 2016; Li et al., 2017). The underlying mechanisms are unclear. In view of the multiple functions of TGFß, they are likely to be complex and include the promotion of Schwann cell reprogramming and expression of repair supportive features by these cells, promotion of GDNF signaling to neurons, as well as immunosuppression, in addition to direct effects on regenerating axons.



Insulin-Like Growth Factor 1 (IGF-1)

IGF1, IGF binding proteins, and the type 1 IGF receptor are up-regulated in Schwann cells of injured nerves (Pu et al., 1995; Cheng et al., 1996; Hammarberg et al., 1998; reviewed in Sullivan et al., 2008). IGF-1 regulates several functions in Schwann cells that are relevant to the essential activity of repair cells after injury. This includes the promotion of cell motility, process extension, survival, and proliferation (Stewart et al., 1996; Syroid et al., 1999; Cheng et al., 2000; Delaney et al., 2001). Potentially, IGF-1 also promotes myelination, since in a defined culture medium in the presence of low cAMP pathway activation, IGF-1 induces the expression of the myelin lipid galactocerebroside and the major myelin protein P0 (MPZ; Stewart et al., 1996). IGF-1 also acts directly on neurons to support neurite outgrowth in vitro, and in vivo application of IGF-1 to injured nerves promotes regeneration in several different settings (Nachemson et al., 1990; Fansa et al., 2002; Apel et al., 2010; Bayrak et al., 2017; reviewed in Sullivan et al., 2008; Slavin et al., 2021). This is likely due to the combination of autocrine IGF-1 action to promote repair cell function and direct effects on neurons.

In addition to the molecules reviewed above, other factors, including neurotrophins, FGF2, PDGF, and VEGF may also function to support repair cells, in addition to their other effects in injured nerves, although the evidence, outlined below, is less complete.



Neurotrophins

These factors have been extensively studied in the context of Schwann cell development and myelination, but the role of neurotrophins in these processes is still unclear (reviewed in Xiao et al., 2009). Although Schwann cells express the neurotrophin receptors p75NTR, TrkC, and truncated TrkB, and Schwann cell levels of NGF, NT4, and BDNF increase after injury, it is unclear to what extent this represents autocrine signaling loops. The expression of Trk receptors on neurons is widespread and the application of neurotrophins to injured nerves increases axon sprouts. After chronic denervation when BDNF levels in repair cells have declined, application of BDNF increases the number of regenerating neurons, but in most other experimental situations it remains to be resolved whether application of neurotrophins to injured nerves promotes significant axonal regeneration, or is mostly restricted to inducing axonal sprouting (reviewed in Gordon, 2009).



Fibroblast Growth Factor 2 (FGF2)

FGF2 and FGF receptors (FGFR) are up-regulated in Schwann cells and neurons after nerve injury. Yet, much remains to be learned about the role of this system in nerve repair, since the effects of FGF2 appear to be subtle and complex and depend on the neuron type, FGF2 isoform, and FGFR type involved (reviewed in Grothe and Nikkhah, 2001; Grothe et al., 2006). In vitro, FGF2 stimulates Schwann cell proliferation and inhibits myelin gene expression (Davis and Stroobant, 1990; Morgan et al., 1994), and studies on mice in which FGF2 is deleted or over-expressed suggest that these effects can also be seen near the site of nerve crush in vivo (Haastert et al., 2006; reviewed in Grothe et al., 2006). DRG neurons also up-regulate FGF2 and FGFRs after injury and FGF2 appears to act directly on neurons to stimulate neurite outgrowth (Unsicker et al., 1987 and references therein; Fujimoto et al., 1997). There is evidence that applied FGF2 promotes axonal regeneration across regeneration inserts and accelerates the functional recovery of sensory fibers (Aebischer et al., 1989; Haastert et al., 2006), but it is unclear to what extent these or other effects of FGF2 in vivo are due to direct effects on Schwann cells. Further, after nerve injury, up-regulation of FGF2 and FGFR is restricted to the site of damage (Grothe et al., 2001), suggesting a limited role for this system in the repair cells of the distal stump.



Platelet-Derived Growth Factor (PDGF)

PDGF and PDGF receptors are up-regulated in Schwann cells after nerve injury (Oya et al., 2002; Yamazaki et al., 2009), and cultured Schwann cells secrete PDGF that promotes both Schwann cell proliferation and survival (Davis and Stroobant, 1990; Eccleston et al., 1990; Hardy et al., 1992; Watabe et al., 1994; Meier et al., 1999; Lobsiger et al., 2000). Neurons also express PDGF receptors and it is likely that PDGF acts directly on neurons to promote neurite extension (Smits et al., 1991; Eccleston et al., 1993; Nakao et al., 1995). There is evidence that applied PDGF promotes nerve regeneration in vivo, although this appears not to have been studied extensively (Golzadeh and Mohammadi, 2016; Hong et al., 2018; see however Welch et al., 1997). These data suggest that in injured nerves, PDGF works through an autocrine PDGF loop to support survival and proliferation of repair Schwann cells, in addition to PDGF acting directly on regenerating axons.



Vascular Endothelial Growth Factor (VEGF)

VEGF is expressed by Schwann cells in uninjured nerves and in culture, but does not appear to be up-regulated by Schwann cells after nerve injury (Taiana et al., 2014; Muratori et al., 2018). There is evidence that VEGF promotes Schwan cell migration (Sondell et al., 1999a; Muratori et al., 2018), but stimulation of proliferation is controversial (Sondell et al., 1999b; Muratori et al., 2018). Applied VEGF promotes regeneration after nerve injury (Pereira Lopes et al., 2011; Wu et al., 2021), which might be due to enhanced vascularization (Sondell et al., 1999a) or direct effects on neurons (reviewed in Rosenstein et al., 2010). It has also been proposed that Schwann cell derived VEGF acts through an autocrine loop to support Schwann cells (Rosenstein et al., 2010).




CONCLUSIONS

The presence of functional repair cells is indispensable for effective regeneration. It is therefore unfortunate that the expression of their phenotype is not robust: repair cell activation falters as animals get older and the repair phenotype fades during chronic denervation. These malfunctions are important reasons for the poor outcomes after nerve damage in humans. It is essential, therefore, to learn about the signals that control and maintain repair cells. In this context, the transcription factor c-Jun is important for several reasons: First, because it acts as an amplifier of the repair phenotype and is required for the generation of functional repair cells after injury. Second, failure of c-Jun expression is linked to failures of axonal regeneration in older animals and during chronic denervation. Third, manipulation of c-Jun signaling in repair cells has proved an effective way of promoting axonal regeneration. This demonstrates, in principle, that targeting repair cells to boost their function is an efficient way of improving nerve repair.

One way to amplify the function of repair cells would be to hijack endogenous autocrine support mechanisms since there is increasing evidence that repair cells are sustained by several autocrine signaling loops. The development of methods for the localized and timed delivery of such signals to injured nerves is an attractive option for the clinical improvement of nerve injuries.
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Nerve crush injury results in axonotmesis, characterized by disruption of axons and their myelin sheaths with relative sparing of the nerve’s connective tissue. Despite the widespread use of crush injury models, no standardized method for producing these lesions has been established. We characterize a crush model in which a narrow forceps is used to induce a modest and controlled compressive injury. The instantaneous compound motor action potential (CMAP) is monitored in situ and in real-time, allowing the characterization of neuromuscular response during and after injury. The tibial nerves of 11 anesthetized rats were surgically isolated. After the placement of electrodes, CMAPs were elicited and registered using a modular-data-acquisition system. Dumont-#5 micro-forceps were instrumented with a force transducer allowing force measurement via a digital sensor. Baseline CMAPs were recorded prior to crush and continued for the duration of the experiment. Nerve crushing commenced by gradually increasing the force applied to the forceps. At a target decrease in CMAP amplitude of 70%–90%, crushing was halted. CMAPs were continually recorded for 5–20 min after the termination of the crushing event. Nerves were then fixed for histological assessment. The following post-crush mean values from 19 trials were reported: peak CMAP amplitude decreased by 81.6% from baseline, duration of crush was 17 sec, rate of applied force was 0.03 N/sec, and maximal applied force was 0.5 N. A variety of agonal phenomena were evident post-lesion. Following the initial decrease in CMAP, 8 of 19 trials demonstrated a partial and transient recovery, followed by a further decline. Thirteen trials exhibited a CMAP amplitude near zero at the end of the recording. Twelve trials demonstrated a superimposed EMG background response during and after the crush event, with disappearance occurring within 4–8 min. Qualitative histology assessment at the lesion site demonstrated a correspondence between CMAP response and partial sparing of nerve fibers. By using a targeted decline in CMAP amplitude as the endpoint, researchers may be able to produce controlled, brief, and reproducible crush injuries. This model can also be used to test interventions aimed at enhancing subsequent regeneration and behavioral recovery.

Keywords: nerve crush with feedback, instrumented forceps with force transducer, axonotmesis, controlled crush parameters, controlled compression parameters, force-impulse, rat sciatic tibial nerve crush injury, compound motor action potential (CMAP)


INTRODUCTION

Axonotmesis is a peripheral nerve lesion paradigm characterized by disruption of axons and their myelin sheath with relative sparing of the nerve’s supporting connective tissues. Preservation of these supporting structures allows regenerating axonal growth cones to re-grow through their original paths and to re-innervate their distal targets after injury (Seddon, 1943; Sunderland, 1951; Campbell, 2008). This confers an excellent prognosis. Hence, following axonotmesis, nerves typically achieve complete or nearly complete restoration of motor and sensory function by 4–5 postoperative weeks (De Koning et al., 1986; Malushte et al., 2004). This feature of axonotmesis has made it invaluable in the study of nerve degeneration and regeneration (Chung et al., 2014; Dun and Parkinson, 2018).

Experimentally, axonotmesis is usually produced by maximally applying mechanical pressure to the nerve via micro-forceps (Kurtoglu et al., 2005; Fan et al., 2015; Ni et al., 2017; Suzuki et al., 2017), clamps (Zhang et al., 2013; Yuce et al., 2015; Korkmaz et al., 2016), tourniquets (Chen et al., 1992), or other instruments (Sarikcioglu et al., 2007; Feng and Yuan, 2015; Hei et al., 2016). Despite published attempts to produce more consistent lesions (Beer et al., 2001), no standardized method for inducing axonotmesis has been established (Varejao et al., 2004; Ronchi et al., 2009). Studies vary widely with regards to the instrument used, the duration of force applied, the lesion size, and the magnitude/reproducibility of the resulting lesion (Tos et al., 2009; Alvites et al., 2018). Consequently, the lack of a defined standard often makes comparisons between different experimental investigations difficult.

The parameters which characterize the severity of a crush lesion are described by the force-impulse (F-i), which is the product of the force and duration of the compressive pressure applied to the nerve (Liu et al., 2020). The extent of nerve regeneration has been shown to be dependent on the F-i of the trauma sustained to the nerve (Chen et al., 1992; Sarikcioglu et al., 2007). Compound motor action potentials (CMAPs) have been used to quantify neuromuscular function following induced nerve injury (Robinson, 2000; Sta et al., 2014; Vannucci et al., 2019). This electrophysiological measure reflects summations of the evoked action potentials generated by motor units as measured by electrodes inserted at the target muscles (Menorca et al., 2013; Bhatt et al., 2016).

In the present study, we investigate whether CMAP can be used as a reliable endpoint for conducting nerve crush injuries and whether this may offer a more standardized approach for cross-comparison of nerve injuries. To characterize all the parameters of the induced crush injury, we used instrumented micro-forceps to allow real-time monitoring and recording of the F-i applied while conducting the injury. The applied F-i is controlled by the investigator based on feedback from the instantaneous CMAP, which is used as a surrogate for functional decline of motoneuron-activity (Navarro and Udina, 2009; Navarro, 2016). We hypothesize that if nerves are crushed by a graded force to a targeted decline in CMAP amplitude, then the resulting lesions will exhibit similar degrees of injury, and the injury will be highly reproducible. Using our proposed technique, we characterize the electrophysiological changes of neuromuscular response during and immediately following crush injury. Qualitative histology is also used to characterize and provide structural confirmation of the degree of nerve injury.



MATERIALS AND METHODS


Experimental Animals

Sprague Dawley female rats (n = 11) were used in this study. Two rats were housed per cage at the University of Illinois Biological Research Laboratory Vivarium under an ad libitum diet with a 12-h light/dark cycle. The rats were acquired at a weight between 175 and 200 g (Charles River Laboratory; Chicago, IL, United States) and allowed to acclimate until they reached a weight of approximately 250–275 g. Animals were numbered and weighed before undergoing surgery. All experimental procedures were in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and the University of Illinois at Chicago Institutional Care and Use Committee.



Anesthesia and Surgical Procedure

Prior to the procedure, the animals were anesthetized with an intraperitoneal injection (ketamine HCL 90 mg/kg and xylazine 10 mg/kg) and given a subcutaneous injection of buprenorphine SR Lab (1.0 mg/kg) for acute pain management. After shaving the operative area of the experimental limbs, rats were placed on a heating pad and a rectal probe was inserted to monitor body temperature for the duration of the procedure. A solution of 10% povidone iodine was applied in triplicate to the surgical area, followed by a 70% alcohol solution to sterilize the field. A sterile drape was applied over the area and a chevron incision was created directly caudal to the femur and the tibia of the rat. After retracting the skin overlying the incision, the exposed biceps femoris muscle was split using a lateral approach, exposing the sciatic nerve as well as both heads of the gastrocnemius muscle. Using micro-instruments, the sciatic nerve was isolated from the surrounding tissue. The tibial, peroneal, and sural fascicles were isolated. To avoid recording CMAPs from the peroneal and sural nerve fascicles, these branches were transected. The nerve crush was performed while monitoring and recording the CMAP. Following the procedure, the incision was closed with a running stitch using a 4.0 Nylon suture (Ethicon, Inc.; Raritan, NJ, United States). The procedure was repeated on the animal’s contralateral side, allowing a total of 22 crush lesion trials. The animals were euthanized while fully anesthetized and unconscious following our institution’s guidelines.



CMAP Recordings

Continuous two-channel CMAP recordings were obtained by placing wire-hook bipolar electrodes (EMG Hook Electrodes, Model EMT-2-30: Microprobes, Inc.; Gaithersburg, MD, United States) at four different locations (Figure 1). One recording electrode each was placed at the muscle belly of the lateral and medial heads of the gastrocnemius, and two corresponding electrodes were placed in the Achilles tendon. A ground electrode was placed under the skin of the back of the rat. A bipolar stimulating cuff electrode was placed around the sciatic nerve proximal to the level of the trifurcation in order to complete the circuit.
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FIGURE 1. Surgical view of the left leg showing the acute dissection and the methods used to establish two-channel CMAP recording and nerve stimulation.Wire-hook recording electrodes were inserted into the belly of the lateral and medial gastrocnemius muscles (black arrows) and Achilles tendon (white arrow in the upper right). A grounding electrode was placed under the skin of the back of the rat (white arrow on the left). The bipolar stimulating nerve cuff electrode with its connecting wires was wrapped around the proximal sciatic nerve at the level of the sciatic notch (star). To isolate motor unit activation corresponding only to the tibial (T) nerve, and to prevent signal interference, the sural (S) and peroneal (P) nerves were cut. The tibial nerve was crushed just distal to the point of sural nerve take-off. For orientation, the rostral direction is down to the left.



Recordings were obtained using a Power Lab Modular Data Acquisition System, LabChart recording software, and dual-channel EMG Bioamplifier (ADInstruments, Inc.; Dunedin, New Zealand). CMAP data were processed through a low pass filter at 1 KHz, and a high pass filter at 1 Hz. An active main filter was applied with a 3 sec delay to eliminate 60 Hz interference once recordings start (Figure 2).
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FIGURE 2. Schematic demonstrating hardware requirements for recording CMAP and force-impulse of crush lesion using forceps instrumented with a force transducer.



Each motor unit has a different threshold stimulus intensity at which it can be activated. To ensure that all motor units of the target muscles were activated and accounted for in the CMAP data obtained, a current-response curve was generated prior to each experimental trial (Maathuis et al., 2011). The sciatic nerve was stimulated with electrical pulses of gradually increasing current intensities ranging from subthreshold to supramaximal. This was implemented using a constant-current stimulator (ADInstruments, Inc.; Dunedin, New Zealand) which induced stimulation pulses of 0.05 ms durations at increments of 0.1 mA. The current which corresponded to 150% of the maximal CMAP millivolt peak was used for nerve stimulation for the respective experiment (Figure 3).
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FIGURE 3. CMAP recordings demonstrating a current response test from a single channel. (A) Recording of two CMAPs with peaks of 8.5 and 11 mV as well as a delay of 0.03 and 0.02 μs which are identified by the black horizontal crossbars. (B) Current response curve showing threshold CMAP at a stimulating current of 0.6 mA, maximal response at 1.8 mA and 120% maximal (supramaximal) response at 2.1 mA and used in all further CMAP tests.



CMAP recordings were initiated prior to inducing the nerve lesion in order to capture the baseline CMAP amplitudes before the trauma. Recordings were implemented continuously for the duration of the experiment and for 5–20 min after the termination of the crushing event. This allowed the CMAP response to be monitored in real-time in situ.



Nerve Crush Using Instrumented Micro-forceps

A precise and controlled compressive nerve lesion was delivered to the tibial nerve using a Dumont No. 5 micro-forceps (INOX 0508-L5-PO, Catalog No. 10-001-130, Hatfield, PA, United States: Electron Microscopy Sciences; Figure 4A). The absolute tip of the forceps had a contact-width of 0.1 mm, however, we conducted lesions at a point ~2 mm from the tip. This point had a contact width of ~0.3 mm, as measured using a digital caliper. Forceps were instrumented with a force transducer to allow real-time measurement of the applied compressive pressure. The force transducer consisted of a thin-walled water-filled balloon made of relatively inelastic low-density polyethylene attached to a disposable blood pressure transducer (Blood Pressure Transducer and Cable, Model BLPR2, Sarasota, FL, United States: World Precision Instruments Inc.). The balloon was adopted from a modified commercially-available rectal catheter (Urodynamic Rectal Catheter, Model 023121, Orangeburg, NY, United States: Laborie Inc.) in which the distal end was filled with a silastic tube, sealed with silastic, and secured with 0-grade suture thread. The sealed balloon, its associated tubing, and the pressure transducer were filled with water via an attached three-way connector in order to improve the fidelity of the recordings. The assembled device was connected to a bridge-circuit transducer, quad-channel amplifier (4-Channel Transducer Amplifier, Model TBM4M, Sarasota, FL, United States: World Precision Instruments Inc.), and to the PowerLab Modular Data Acquisition System to allow monitoring and recording of applied force (Figure 2). The limited elasticity of the balloon resulted in an accurate recording of finger pressure applied and force transmitted to the micro-forceps.
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FIGURE 4. (A) Dumont No. 5 micro-forceps and interface shown. (B) View of the tibial nerve during crushing with the instrumented micro-forceps. (C) View of the nerve crush lesion ~5 sec after crush giving a narrow and translucent appearance. Bars = 1 mm.



The balloon of the force transducer was fixed to one side of the forceps such that a mark on the balloon was aligned over a mark on the forceps. This mark, located 0.63 the distance from the fulcrum of the forceps to the tip, provided a consistent location for the user to rest their thumb and to apply pressure when crushing. This distance, between the fulcrum and the point of force application, was taken into account during the calculation of the crush force. In order to reflect only the force applied at the tip of the forceps, the recording software was adjusted to report a factor of 0.63 of the total detected applied force.

The force transducer was calibrated with standard weights before each use. A calibration device was constructed for this purpose. The instrumented forceps were placed in the center of the device such that a suspended weight could apply pressure to the balloon transducer and forceps in a manner similar to that of the thumb of the user during crushing. Using both 50- and 20-gram weights, the recording software was calibrated to detect 0.49 and 0.20 Newtons, respectively.

The baseline force involved in touching, but not crushing, the nerve with the forceps was recorded for 5 sec prior to crushing the nerve. While observing the nerve under direct light microscopy at 20× magnification, the primary investigator commenced crushing of the nerve by gradually increasing the force applied to the forceps at a rate of approximately 0.03 N/sec (Figures 4B,C). As the primary investigator was crushing, a second investigator monitored the CMAP response in real-time on-screen using the recording software. At a target decrease in CMAP amplitude of 70%–90% compared to baseline, the second investigator called out STOP. At this point, the primary investigator immediately ceased crushing by releasing the forceps. The total crush time was then recorded, in addition to the maximally applied force, and the rate of force increased over time.



Statistical Analysis

CMAP amplitude data representing the duration before, during, and after each nerve crush trial was extracted from the LabChart recording software (ADInstruments LabChart for macOS, Version 8.1.17. Dunedin, New Zealand: ADInstruments Inc). Average CMAP amplitude values at each point of interest were determined as the average of five consecutive peaks. Maximal crush force was measured as the difference between the magnitude of touching the nerve and the maximal magnitude applied. Duration of crush was determined from the terminal time-point involved in touching the nerve to the moment of release of the forceps. The rate of graded increase in force application was determined by the slope of ΔNetwons/Δtime during the crushing interval. Data analysis was performed using SPSS (IBM SPSS Statistics for macOS, Version 24.0. Armonk, NY, United States: IBM Corp.) and Excel (Microsoft Excel for macOS, Version 16.47. Redmond, WA, United States: Microsoft Corporation).



Histology

After completion of the CMAP testing and while the rat was still anesthetized, Karnovksy’s fixative (2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.1 M phosphate buffer at 4°C) was applied to the tibial nerve at the lesion location. After 10 min, a 10 mm segment of the tibial nerve was removed and placed in fresh fixative in the refrigerator for at least 1 week. Selected nerve specimens were rinsed in saline, post-fixed in 1% OsO4 (with 1% potassium ferrocyanide) for 60–90 min, dehydrated in serial alcohols, cleared in propylene oxide, and embedded in Epon. Semi-thin sections (1 micron) of the tibial nerve cut in either the longitudinal or transverse plane were stained with methylene blue for light microscopy. The control lesion specimen was a comparable segment from either the contralateral unoperated side or a location proximal to the lesion. Slides containing selected stained tibial nerve sections at the injury site were uploaded to AperioImageScope (Version 12.4; Leica Biosystems; Wetzlar, Germany) software. A qualitative assessment of the crush lesion was to confirm the extent of the crush lesion with respect to the appearance of any intact axons and the longitudinal extent of the crushed zone.

Selected tibial nerve specimens were stained en bloc with 1% uranyl acetate in 50% ethanol for 1 h followed by further ultrathin sectioning and staining with Reynold’s lead citrate for 2 min for transmission electron microscopy (TEM). TEM was performed on a JEOL (JEM 1220) electron microscope (Tokyo, Japan). Qualitative TEM was used to correlate, confirm, and clarify the findings seen on light microscopy.




RESULTS

Of the 22 crush lesion trials performed, 19 were included in our analysis. Three trials were excluded due to technical failures or animal death before the contralateral side could be operated on. The average weight of the rats used was 268.9 ± 37.5 g.

The average baseline CMAP amplitude before nerve injury was 25 ± 9.7 mV. This decreased to 4.1 ± 3.4 mV immediately after the controlled crush injury was induced (measured at the moment the crushing forceps were released). This corresponds to an average decrease in CMAP amplitude of 81.6 ± 17.9%, as shown in Figure 5.
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FIGURE 5. CMAP amplitude responses induced by our controlled compressive nerve lesions are shown. For each trial, CMAPs displayed represent values averaged from dual channel recordings, representing motor unit activity in both the lateral and medial gastrocnemius muscles. Peak CMAP values after injury represent the peaks immediately after the crushing forceps were released and extricated from the nerve. Crush duration represents only the time in which the graded force was applied. Rate of force application represents the slope of the graded force applied over the crushing interval.



The average duration of crush was 17 ± 6.6 sec. The average maximal applied force for all trials was 0.5 ± 0.3 N. This force was achieved by gradually increasing applied pressure at an average rate of 0.03 ± 0.02 N/sec over the duration of the crushing interval. The Pearson correlation coefficient between the rate of force application and crush duration is −0.61 at a significance level <0.01, indicating significance (Figure 6A). Thus, as the rate of applied force increased, overall crush duration was reduced. The correlation between applied F-i and the resulting percent decrease in CMAP amplitude was assessed for all trials (Figure 6B). The relationship between these crush parameters was found to be statistically insignificant: correlation of r = 0.127 (p = 0.604).
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FIGURE 6. Scatter plots demonstrating correlation between lesion parameters. (A) The relationship between the rate of force application (y-axis) and crush duration (x-axis) for all crush trials (N = 19). Correlation (r = −0.609) was found to be statistically significant with a p-value = 0.006. (B) The relationship between percent decrease in CMAP amplitude (y-axis) and applied F-i (x-axis) for all crush trials (N = 19). Bivariate correlation between variables was found to be statistically insignificant, likely due to the relatively low power of this study.



After crushing, CMAP was continually monitored for 5–20 min in 13 of 19 trials (68%), and for 5 min in 6 of 19 trials (32%). Following the initial injury-induced decrease in CMAP, eight of 19 trials (42%) demonstrated a partial and transient recovery of CMAP amplitude. The average maximal recovery in CMAP amplitude for these eight trials was 13.5 ± 10 mV, corresponding to an average recovery in CMAP amplitude of 45.7 ± 30.7%. This recovery was followed by a further decline, occurring within 2–4 min, for all eight trials. CMAP amplitude became zero in 13 of 19 trials (68%) by the end of the recordings. The average baseline CMAP amplitude at the end of the recordings was 2.4 ± 3.9 mV for all six trials which did not reach zero.

Twelve of 19 trials (63%) demonstrated a superimposed electromyographic background response during and after the crush event, with disappearance occurring within 4–8 min. Four two-channel CMAP recordings, which are representative of the typical CMAPs observed, are shown in Figures 7–10.
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FIGURE 7. Recording demonstrating the typical two-channel CMAP response observed before, during, and after inducing a controlled compressive lesion on the tibial nerve. The force involved in touching the nerve and the subsequent graded increase in applied pressure required to induce axonotmesis is shown. This recording demonstrates transient partial CMAP amplitude recovery after sustaining the injury. The recovery was followed by a further decline. * = beginning of force increase.
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FIGURE 8. This recording demonstrates crush-induced decline in CMAP amplitude with no recovery and residual electrical activity (non-zero baseline) post-crush. * = beginning of force increase.
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FIGURE 9. This recording demonstrates superimposed background EMG response. No transient recovery occurred after sustaining the injury. * = beginning of force increase.
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FIGURE 10. This recording demonstrates characteristics similar to the recording in Figure 7; however, with the addition of a transient recovery of CMAP immediately after crush termination, followed by further decline. * = beginning of force increase.



Light photomicrographs examining the crush zones of the tibial nerves in transverse and longitudinal sections are shown in Figures 11–13. A qualitative evaluation demonstrates that the majority of myelinated axons were damaged by the crush. However, small-sized fibers located near the surface (periphery) were preferentially spared, compared to larger more centrally located fibers. The perineurium and blood vessels were also affected in some cases (Figure 11A). Follow-up TEM confirmed the preferential sparing among small fibers and further demonstrated that the axoplasmic changes may occur prior to myelin sheath breakdown (Figure 11B). In addition, the small non-myelinated axons were also spared. It is unclear why the myelin is less sensitive to the crush forces compared to the axoplasm. Spared fibers were also seen crossing the lesion zone in the longitudinal sections (Figure 12). Measurement on these sections confirmed that the respective lesion width is ~250 μm, as suggested at the time of surgery (Figure 4B). Since the lesion is noticeably “crunched”, or contracted in on itself, the actual lesion width is likely larger than the measured distance.

When compared to their respective CMAPs, we notice that axonal sparing on histology is likely associated with the non-zero CMAP amplitude baseline seen several minutes post-crush. Hence, an incomplete crush of the tibial nerve may have been captured on the CMAP recordings as continued electrical signaling (non-zero baseline), post-crush.
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FIGURE 11. (A) Histology corresponding to the CMAP tracing of Figure 7: this transverse section through the crush zone shows the majority of myelinated axons are damaged. There are breaks in the perineurium (asterisks), a collapsed artery (arrow), and some superficial regions (near the periphery) containing small fibers that appear spared. The insert shows several axonal profiles that are non-myelinated. The two fascicles at the top supply the gastrocnemius muscle. Bar = 100 μm. (B) At the ultrastructural level, from the same tissue specimen shown in Figure 6A; the details of nerve fiber breakdown, progressing from small to large, are seen. Note that small fibers may appear “normal” and that axoplasmic changes precede those involving the myelin sheath. The non-myelinated axons (top) also appear normal. The many myelin figures (*) at the periphery all appear most advanced. Bar = 1 μm, insert is an enlargement of the dotted line region.
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FIGURE 12. Histology corresponding to the CMAP tracing of 5D: this longitudinal section through the narrow nerve crush zone with distinct borders shows sparing of some small nerve fibers in the gap. Lesion width is ~300 μm. Bar = 100 μm, insert is an enlargement of the dotted line region.
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FIGURE 13. A transverse view of the normal tibial nerve. Note the normal appearance of the perineurium (arrow), as well as the large and small myelinated axons. Bar = 100 μm, insert is an enlargement of the dotted line region.





DISCUSSION

In the present study, we demonstrate a technique by which real-time CMAP amplitude changes are used as an endpoint for conducting crush injuries to the rat tibial nerve. We also demonstrate how CMAPs can be used to characterize and quantify the loss of neuromuscular function sustained during and after controlled compressive injury. By instrumenting our crushing device with a force transducer, we were able to quantify the F-i of the induced lesion using data acquisition software. This allowed us to quantify all the parameters of the crush injury.

CMAPs are widely used for evaluating functional restitution after nerve injury in experimental animal models (Smith et al., 2000; Mikesh et al., 2018). In the study of axonotmesis, CMAPs are particularly useful for determining the course and extent of nerve regeneration and muscle reinnervation after injury (Navarro and Udina, 2009). To our knowledge, this is the first study to measure CMAP in real-time during actual induction of nerve injury, and to attempt use of the data gleaned as an objective endpoint, serving as a surrogate for crush effectiveness. By using CMAPs in this way, we have demonstrated a crushing technique that is controlled by a feedback loop, with the ultimate decision of whether to cease or continue applying pressure to the nerve being controlled by the human operator. The operator makes this decision based on the percent decrease in CMAP amplitude, which is displayed on screen in real-time and continually updated. As a proof of concept, we arbitrarily decided to continue crushing until observing a 70%–90% decline in CMAP amplitude from baseline. We continued recording CMAP amplitude changes even after the crushing event terminated in order to characterize and quantify the archetypal electrophysiological response of the tibial nerve immediately after sustaining crushing trauma. To our knowledge, this has not been described previously.

Appraisal of the crush parameters we used to induce nerve injury demonstrated that, for different crush trials, the F-i required to produce a ~70%–90% decrease in CMAP amplitude varied significantly. Although most nerves required ~8–10 N·sec to reach this endpoint, some nerves required as little as ~4 N·sec or as much as ~17 N·sec. Thus, the F-i required to produce a given electromyographic response is not fixed and seems to vary widely, even within the same animal species and when applied to the same nerve, as was the case in this study. Given that CMAP is itself a quantitative characterization of neuromuscular function, we can extrapolate that this variable response threshold to sustained trauma may also translate to corporeal variability, as observable behavioral motor deficits. In the context of producing axonotmesis, our results highlight the importance of not being too minimalist with regard to applied crush force and duration. Applying too small a force-impulse when conducting the nerve lesion may produce lesions with variable extents of injury.

Assessment of the electrophysiologic response patterns which occurred immediately after cessation of crushing revealed that, even when subjected to injuries of similar parameters, nerve CMAPs varied significantly in the temporal arrangement, propagation, and magnitude of electrical potential. While some crush trials displayed a transient recovery of CMAP amplitude immediately after cessation of injury conduction, others did not. Of those which displayed a transient recovery, some did so with relatively high electrical potentials, while others yielded only a few millivolts. Quantitatively, 42% of all analyzed crush trials demonstrated this temporary “rebound” in CMAP amplitude. The magnitude of recovery in CMAP amplitude ranged from 15% to 75% relative to each trial’s respective baseline. Interestingly, this recovery of electrical potential disappeared in all cases within 4 min after crush, and was then often followed by a further decline. A few minutes post-crush, some trials resulted in the complete abolishment of CMAP signal (at or near zero millivolts) while others retained residual signal propagation and reestablished a baseline at lower amplitudes. We believe that these residual electrical potentials may be related to extent of sparing within the lesion. Spared motor nerve fibers would theoretically continue propagating electrical potentials to their respectively innervated motor units. Given that CMAPs inherently reflect summations of all the evoked potentials produced by the motor units in the captured region (i.e., gastrocnemius), those axons which are disrupted by the crush would cease their contribution of electric potential. As a consequence, recorded CMAP amplitude would diminish in magnitude. However, it would not reach 0 mV if some spared nerve fibers maintained neuromuscular innervation. Given the complexity of the physiology involved, this relationship between acute residual electromyographic signaling and the extent of axonal sparing after crush injury requires further study.

As our resulting CMAP data suggests, the relationship between crush parameters, severity, and uniformity of nerve lesions, and captured electromyographic signal is further complicated by another observed phenomenon. Upon initiation of crushing, 63% of our crush trials demonstrated an emergence of erratic electrical signaling, akin to the appearance of electromyographic “noise”. Given that our CMAP recordings were obtained via an open and relatively invasive surgery, we were able to exclude potential sources of electrical interference (i.e., technical malfunctions, improper placement of electrodes, and animal death) quite easily. Moreover, this phenomenon, which can further be described as a brief, temporally dynamic CMAP amplitude change, with high frequency widely fluctuating electrical potentials, consistently appeared at the moment of crush initiation. This “noise” also consistently dissipated during or briefly after cessation of crushing.

Among the histological preparations assessed in the present study, we were surprised to see the consistent extent of axon sparing, especially among the small myelinated fibers. Compared to our previous study, the sequential breakdown of the axoplasm prior to myelin sheath was very similar to the Wallerian degeneration observed 5 days post-crush in the rat tibial nerve (Kerns et al., 2020). In the present study, the sequence of the observed changes was a result of injury itself, rather than Wallerian degeneration. In regards to the sparing observed, even a small proportion of fibers involved could have significance for subsequent regeneration and recovery. It has been shown that spinal cord injury (contusion) can have ~10% sparing, which translates to significant motor recovery (Kloos et al., 2005). This concept was first attributed to Andrew Blight in 1986 and deserves some reservations (personal communication). It remains to be shown that such possibilities also apply to the peripheral nervous system. The precise mechanism by which smaller axons are spared also needs to be determined. We propose that endoneurial tissue along with the large nerve fibers may play a protective role in producing this phenomenon, by cushioning. This is consistent in part, with the patterns of susceptibility given by Lundborg (2004) (pp. 49 and 58); motor > sensory, superficial > central, large > small. This observed sparing may involve sensory and non-myelinated axons as well as motor axons.

The importance of producing compressive lesions with quantitatively consistent parameters is highlighted by previous studies. In the context of axonotmesis, it has been reported that the extent of nerve recovery is dependent on the magnitude and duration of force applied during injury (Chen et al., 1992, 1993; Sarikcioglu and Ozkan, 2003). Despite this, no perfect standardized crushing method has been established. Moreover, no particular crushing device has become the mainstay for conducting crush lesions (Alvites et al., 2018).

Historically, various tools and methods have been used to induce compressive injury to peripheral nerves, each having advantages and disadvantages. The most elemental crush technique involves the use of simple or hemostatic forceps without modifications or instrumentation. Using these devices, a crush is produced by applying maximal compressive pressure to the nerve for 30–60 sec, or longer. Although this is a commonly used technique, its use experimentally is limited as it does not allow precise quantification of applied force. The use of tourniquets, applied around the limbs of an animal for minutes or hours, has been used to produce non-invasive compressive nerve injuries. However, owing to the difficulty in controlling the precise location and pressure applied to the nerve, the use of tourniquets has been deemed quantitative but indirect (Chen et al., 1992). The use of various commercially-available clamps has also been proposed. While these devices allow control of crush duration, they are limited by their inability to control applied force in a continuous manner and by the fact that it is not possible to obtain a graded compression through their use (Beer et al., 2001). Other innovative devices designed to experimentally compress nerves, such as compression boxes/chambers have also been proposed. While these devices allow induction of quantitatively controlled lesions, they must be specifically designed to suit the size of the animal model used as well as the nerve location (Rydevik and Lundborg, 1977; Chen et al., 1993). Despite the wide range of crushing devices available, the Dumont No. 5 micro-forceps seems to be the instrument of choice for conducting axonotmesis (Alvites et al., 2018).

In an attempt to address the heterogeneity of crushing instruments, previous studies have used various techniques to measure and report the approximate pressure applied by the crushing device onto the nerve (Alvites et al., 2018). However, only a few have sensorized their crushing device to allow real-time in situ measurement of applied force. Liu et al. (2020) used a miniature foil strain gauge sensor to achieve this, while Wandling et al. (2021) used a force-sensitive resistor (FSR). The former is known to be highly sensitive, accurate, and reliable for measuring applied force (Tamura et al., 2021). On the other hand, FSRs, which are composed of a piezoresistive material whose resistance decreases as applied mechanical pressure increases, are known to be limited by their relatively low accuracy (Schofield et al., 2016). Independent testing of the Flexiforce sensor used by Wandling et al. found that for forces up to 110 N, the sensors had an accuracy within ±0.5 N (Sadun et al., 2016; Parmar et al., 2017). The results of this study demonstrate that the average applied force necessary to produce axonotmesis is ~0.5 N, therefore, this margin of error may not be acceptable for this application. The method we used to quantify applied force utilized a medical-grade disposable blood pressure (BP) transducer. In accordance with the standards of the American National Standards Institute (ANSI), disposable BP transducers designed for clinical use, such as the one used in this study, must be accurate within a range of ±3%. A study by Gardner in which several commercially-available BP transducers were tested found that even the worst device was twice as accurate as required by the ANSI (Gardner, 1996). Having taken these factors into consideration, while also preferring an easily accessible, standardized, off-the-shelf product, we have successfully demonstrated the use of BP transducers for measurement of applied force in the context of nerve crush injury.

This study, and our proposed crush model, has a few notable limitations. Firstly, the power of our study was limited, involving only 11 animals and 19 crush trials (N = 19). Although a correlation between applied F-i during crush and a corresponding decrease in CMAP amplitude was detected, it was found to be statistically insignificant. This may be related to the limited sample size of our data. Secondly, we conducted all crush lesions manually—by hand. This intrinsically introduces an element of human error which is difficult to quantify, but which can be observed in our results. For instance, in several trials, we unintentionally under-shot or over-shot our target 70%–90% decrease in CMAP amplitude while conducting the crush. This is most likely attributable to delays in conveying and acting upon the real-time CMAP changes. Human error was also evident in producing the graded increase in applied pressure on the nerve, as the rate of force increase often varied from trial to trial. Despite this, we have shown an overall statistical correlation between the rate of increase in applied force and crush duration for all trials (Figure 6A). Potential future research could perhaps address the issue of human error by applying actuators to the crushing process. For example, using readily-available programmable microcontrollers and servos, a small, portable, highly accurate device can be developed to automate the crushing process through a closed-loop feedback system. This automated system would not only remove the error associated with a human operator but also make factors such as instrument positioning, response-time, and rate of force application more controllable and precise.

Thirdly, although our study provides preliminary data identifying the minimal threshold parameters of a crush lesion required to induce complete axonotmesis, with respect to force, duration, and extent—the precise parameters were not determined. This is a limitation of our experimental design as a more extensive histological study (e.g., quantitative and ultrastructural) would be required to determine the definitive threshold parameters in the rat tibial nerve, as well as the relationship between these parameters. Nonetheless, the primary reason we included histology in the present study was to determine the extent of the nerve lesion and the preliminary correlation with CMAPs. Moreover, although we could have easily applied our crush model to determine these lesion-specific threshold parameters, we chose not to ascertain them due to certain fundamental impediments which diminish the clinical relevancy and application of the results. For instance, determination of these parameters using a rat model alone is in itself a fundamental limitation because the extent of protection afforded by the nerve epineurium varies according to species being investigated and is greater in humans than in rats (Kerns, 2008; Alvites et al., 2018; Kerns et al., 2019). Threshold parameters also vary based on the specific nerve being investigated and on its anatomical location, with crushing parameters likely being greater at or near joints (Alvites et al., 2018). For these reasons, we considered the determination and characterization of threshold parameters to be outside the scope of our study.

Lastly, this study was also limited by the crushing device used—a Dumont No. 5 micro-forceps. Although the contact-width at the absolute tip was 100 microns, we conducted lesions ~2 mm down from the tip, where the contact width was ~300 microns. This was done with the idea of making the nerve easier to hold in between the clasps of the forceps during crushing. However, this was subject to slippage and may have resulted in variation in lesion width between trials. This highlights a disadvantage of using standard surgical forceps—the contact-width is not uniform and widens as one moves down from the tip. Therefore, if an investigator was attempting to produce a narrow lesion (≤100), and could not risk allowing slippage which would change the resulting lesion’s width, the use of surgical forceps would not be recommended.

Although the variability demonstrated by our results indicates that the use of CMAP amplitude decline may not be a reliable and objective endpoint for producing axonotmesis, we have shown that monitoring and recording CMAP data while concurrently inducing injury allows for the study and characterization of acute nerve responses and subsequent recovery. As previously alluded to, the modest crush parameters used in our study were found to inconsistently produce complete and uniform axonotmesis. Taken together with the variable electrophysiological responses observed during and after relatively equivalent injuries, we suggest that investigators maximize crush force and duration when producing axonotmesis. This may reduce the potential for partial sparing, the degree of which would be difficult to replicate.

Since nerve crush injury is recognized to be a clinically relevant entity, it can potentially benefit from a variety of interventions aimed at accelerating recovery or preventing functional declination. Interventions worthy of exploration could be aimed at reversing associated edema, regulating endoneurial pressure and blood flow, and especially, protecting nerves from the reactive oxygen species associated with reperfusion injury (Alvites et al., 2018). Experimentally conducting nerve injuries with concurrent monitoring of CMAP activity would allow characterization of the effects of a wide range of neurotrophic factors, growth factors, antioxidants, alkaloids, and pharmacological agents. For instance, real-time assessment of acute electrophysiological response post-injury would be particularly well-suited for exploration of the dramatic and early effects of fusogens, such as polyethylene glycol (PEG; Riley et al., 2015; Ghergherehchi et al., 2019). The study of the effects of PEG on nerve regeneration is of particular interest to researchers and has received significant coverage and discussion in recent literature (Riley et al., 2015; Bittner et al., 2016b; Ghergherehchi et al., 2019). Given PEG’s time-sensitive efficacy, elucidation of its acute effects on the restitution of nerve electrical conductivity and neuromuscular response may have considerable clinical implications (Bittner et al., 2016a). Moreover, with relatively few adaptations, CMAP data could be obtained via minimally-invasive (Nijhuis et al., 2011) or non-invasive techniques (Kerns et al., 1987; Wang et al., 2015) thus allowing collection of interval data, hours, days, or even weeks after the injury, without the risks associated with surgery. This paradigm can be applied to the study of all forms of nerve injury, including less severe lesions such as neuropraxia, more severe lesions such as neurotmesis, and to both complete or partial axonotmesis.



CONCLUSION

Due to differences in tools and methods used, it’s often difficult to compare results obtained from different experimental investigations studying nerve axonotmesis. These differences are a manifestation of variations in crush parameters, including force exerted, crush duration, and contact-width. We have demonstrated a technique which overcomes some of these problems by using specially instrumented micro-forceps. Compared to other tools, the use of our crushing device allows quantification of all the parameters of the lesion. Moreover, we have shown that recording of CMAP during and after conduction of nerve lesions allows characterization of the acute nerve electrophysiological responses to trauma. Nerves have been shown to respond to acute trauma in a variety of ways, but with consistent patterns. Although too variable to be used as an objective endpoint for crushing, real-time in situ CMAP recordings may still offer some insight into the partiality of damage sustained and the sparing of axonal fibers post-traumatic injury. This model can also be used to test interventions aimed at enhancing subsequent regeneration and behavioral recovery.
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Peripheral nerve injuries are the most common type of nerve trauma. We have been working with a novel repair technique using a plasmalemmal fusogen, polyethylene glycol (PEG), to re-fuse the membranes of severed axons. PEG-fusion repair allows for immediate re-innervation of distal targets, prevents axonal degeneration, and improves behavioral recovery. PEG-fusion of severed axons is non-specific, and we have previously reported that following injury and PEG-fusion misconnections between spinal motoneurons and their distal targets were present. Surprisingly, appropriately paired proximal and distal motor axons were observed in all PEG-fused animals. We hypothesized that a topographic organization of axons contributing to the sciatic nerve could explain the incidence of appropriate connections. We traced the course of specific axon populations contributing to the sciatic nerve in young adult male and female rats. Following intraneural injection of Fast Blue into the tibial branch, labeled axons were confined to a discrete location throughout the course of the nerve. Following intramuscular injection of cholera toxin-conjugated horseradish peroxidase into the anterior tibialis, labeled axons were confined to a smaller but still discrete location throughout the nerve. In both cases, the relative locations of labeled axons were consistent bilaterally within animals, as well as across animals and sexes. Thus, the relatively consistent location of specific axon populations could allow for realignment of appropriate populations of axons, and enhanced behavioral recovery seen in PEG-fused animals. Knowing the organization of axons within the sciatic nerve promotes accurate territory realignment during repair, therefore aiding in recovery outcomes.
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INTRODUCTION

Peripheral nerve injuries (PNIs) that disrupt axonal continuity, therefore denervating distal musculature and tissue, have serious consequences on both the peripheral and central nervous systems. The peripheral consequences include the immediate loss of both motor and sensory function distal to the injury, rapid and irreversible degeneration of the distal nerve segment (Wallerian degeneration), as well as neuromuscular junction loss and muscle atrophy over time (Brushart, 2011). Centrally, PNIs lead to motoneuron somal atrophy (Ma et al., 2002; Wiberg et al., 2017), retraction of synaptic inputs from somata and dendrites (Alvarez et al., 2011; Rotterman et al., 2014; Wiberg et al., 2017), and dendritic atrophy (Rotterman et al., 2014; Wiberg et al., 2017). Reinnervation of distal targets depends upon the slow outgrowth of axons from the proximal nerve stump which may take several weeks to reestablish any connectivity (Wolfe et al., 2010). The current standard of treatment for PNIs is neurorrhaphy which involves microsuturing the epineuria of the proximal and distal severed nerve stumps (Brushart, 2011). Unfortunately, this leaves internal axons in their severed state, does not prevent Wallerian degeneration, and only marginally improves recovery (Allen, 2000; Bertelli and Ghizoni, 2009, 2011). Overall, behavioral recovery, with and without standard treatment, is very poor, which reinforces the need for a new treatment protocol for PNIs.

A novel repair technique for PNIs called polyethylene glycol (PEG) fusion repair has shown tremendous therapeutic potential. PEG-fusion uses a plasmalemmal fusogen, PEG, to fuse severed axonal membranes after injury thus immediately restoring axonal continuity and distal innervation. PEG-fusion repair improves behavioral recovery remarkably, and has been shown to prevent both the peripheral and central consequences of PNI including Wallerian degeneration (Britt et al., 2010; Riley et al., 2015; Ghergherehchi et al., 2016; Mikesh et al., 2018a,b) and somal/dendritic atrophy (Ghergherehchi et al., 2019). Fusion of severed axonal membranes by PEG-fusion is non-specific; therefore, PEG-fusion indiscriminately fuses axonal membranes that are in close approximation without regard for their modality or original connectivity. We have previously reported that this non-specificity leads to misconnections between motoneurons and their distal targets (Ghergherehchi et al., 2019). After sciatic nerve injury and PEG-fusion, we performed an intramuscular injection of retrograde tracer into the anterior tibialis (TA) muscle in order to label innervating motoneurons, and found labeled motoneurons in inappropriate spinal segments, indicating misconnections (Ghergherehchi et al., 2019). Surprisingly, labeled motoneurons were also found in the appropriate spinal segment in every PEG-fused animal, regardless of repair type, either single-cut or allograft (Ghergherehchi et al., 2019). Despite PEG-fusion non-specifically fusing severed axons, proximal TA motor axons were reliably fused to distal axons that projected to TA.

We hypothesized that the consistent pattern of correctly connected TA axons after PEG-fusion repair was due to a topographic organization of axons within the sciatic nerve. It has been previously reported in a variety of species that axons which serve specific distal branches of peripheral nerves travel in organized bundles along the course of the nerve (Sunderland, 1978; Brushart, 1991; Hallin et al., 1991). The sciatic nerve of rats has been shown to exhibit a similar organization of its major branches (Suaid et al., 2016; Ravagli et al., 2020) as well as its more distal branches (Badia et al., 2010). We investigated the topographic organization of axons within the rat sciatic nerve at the level of an individual muscle (TA), and looked for consistencies in this topography bilaterally within animals as well as across animals and sexes.



MATERIALS AND METHODS

All procedures were performed in accordance with the Indiana University Animal Care and Use Guidelines (Protocol #20-038). A total of 14 adult Sprague-Dawley rats (approximately 70 days old; Envigo, Indianapolis) were used (male, n = 8; female, n = 6). Rats were maintained on a 12:12-hr light/dark cycle with unlimited access to food and water.


Tracer Injections

Intraneural labeling: The location of an axon population of a specific branch of the sciatic nerve was examined in a total of 12 nerves in adult male (n = 4) and female (n = 3) rats. Rats were anesthetized with isoflurane, and the sciatic nerve trifurcation was exposed along the dorsolateral aspect of the hindlimb. Just distal to the trifurcation, the tibial branch was isolated and crushed for ten seconds using atraumatic forceps in order to encourage uptake of the tracer. Using a Hamilton syringe connected to a 31G needle, 2 μL of Fast Blue (2.5%; Polysciences, Inc., Warrington, PA, United States) was injected into the tibial branch just proximal to the crush injury. Fast Blue is a fluorescent tracer that is retrogradely transported by motor and sensory axons (Kuypers and Huisman, 1984). Dissected muscles were sutured, and the skin incision was closed with wound clips. The same procedure was performed on the opposite hindlimb, and the animal was allowed to recover for six days, a period that ensures optimal transport (Steward, 1981).

Intramuscular labeling: The location of an axon population innervating a specific muscle was examined in a total of 14 sciatic nerves in adult male (n = 4) and female (n = 3) rats. Rats were anesthetized as above, and the anterior tibialis muscle was exposed and injected with horseradish peroxidase conjugated to the beta subunit of the cholera toxin molecule (BHRP; 2 μl, 0.2%; Invitrogen, Carlsbad, CA, United States). At this volume and concentration, BHRP is specifically taken up by motor axons and does not label dorsal root ganglion cells that lack GM1 ganglioside required to actively transmembrane transport BHRP (Alisky et al., 2002; Lappi et al., 2014). The skin incision was closed as above, and the animals were allowed to recover for two days, a period that ensures optimal transport (Kurz et al., 1986, 1991; Goldstein et al., 1990).



Anatomical Dissection

All animals for both injection groups followed the same dissection methodology. After the appropriate transport period, animals were weighed, given an overdose of urethane (approximately 0.5g/100g body weight), and perfused intracardially with saline followed by cold fixative (4% paraformaldehyde). The entirety of the sciatic nerve was exposed along the dorsolateral aspect of the hindlimb by blunt dissection of the muscles from the sciatic notch to the distal trifurcation. Two 10 mm sciatic nerve segments were removed, a proximal segment starting at the sciatic notch and a distal segment terminating at the trifurcation. Heat lesions were placed on the lateral aspect of each segment to serve as fiduciary marks to maintain orientation of nerve segments throughout processing. The same dissection process was performed on the opposite hindlimb. The nerve segments were post-fixed in the same fixative for two hours, then transferred to 30% sucrose phosphate buffer overnight for cryoprotection.



Histological Processing and Visualization

Nerve segments were embedded in a known orientation in M-1 Embedding Matrix (Shandon, Thermo Fisher Scientific Waltham, MA, United States) and sectioned transversely (50 μm, sampled at 500 μm intervals) on a cryostat at −15°C, thaw-mounted onto glass slides, and allowed to dry for 24 h.

For visualization of Fast Blue-labeled axons, sections were coverslipped with Vectashield antifade mounting medium with propidium iodide (Vector Laboratories, Inc., Burlingame, CA, United States). Sections spanning the length of the nerve segments (an average of 19.4 ± 1.4 sections per nerve segment) were observed under epifluorescence using a DAPI filter for visualization of Fast Blue and a Texas Red filter for visualization of propidium iodide. Digital micrographs of each section were taken at a final magnification of 166X using an NIS-Elements Imaging system (Nikon Instruments, Melville, NY, United States). Using the digital micrographs of propidium iodide-stained sections, the total nerve area was measured using a computer-based morphometry system (Stereo Investigator, MBF Bioscience, Williston, VT, United States). Using the matching digital micrographs of Fast Blue labeling, the area occupied and the distribution of labeled axons was mapped using the same computer-based morphometry system.

For visualization of BHRP-labeled axons, nerve sections were reacted using a modified tetramethyl benzidine protocol (Mesulam, 1982). Sections were counterstained with thionin and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA, United States). Sections spanning the length of the nerve segments (an average of 19.2 ± 2.7 sections per nerve segment) were observed under darkfield illumination at a final magnification of 250X. The area and distribution of labeled axons within each section was reconstructed in three dimensions using a computer-based morphometry system (Neurolucida, MBF Bioscience). Digital light micrographs were obtained using an MDS 290 digital camera system (Eastman Kodak Company, Rochester, NY, United States). An analysis of variance with repeated measures was used to analyze the size of axon territories within the nerve.




RESULTS


Fast Blue Labeling

Digital micrographs of transverse sciatic nerve sections visualizing Fast Blue-labeled axons (Figure 1A) and propidium iodide staining (Figure 1B) showed a discrete localization of labeled axons. Reconstructions of Fast Blue-labeled axons within the sciatic nerve revealed a clearly defined and reproducible topographic organization (Figure 2). Labeled axons were found in a discrete location within the nerve from the sciatic notch to the distal trifurcation, rather than widely distributed across the entire transverse area. The tibial branch was also determined to occupy a relatively large transverse area of the sciatic nerve at an average of 53.40 ± 3.79%. We also examined the proximal, middle, and distal portions of the entire nerve for evidence of consistency in the size of the area occupied by Fast Blue-labeled axons. The area occupied by Fast Blue-labeled axons in the proximal portion of the nerve was 0.276 ± 0.034 mm2 (mean ± SEM). This area did not differ along the proximo-distal course of the nerve (middle portion, 0.302 ± 0.034 mm2; distal portion, 0.281 ± 0.029 mm2) [F (2,20) = 2.95, ns]. The size and position of the tibial branch territory was consistent bilaterally within animals, as well as across animals and sexes.
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FIGURE 1. Digital micrographs of a transverse section of a proximal segment of a sciatic nerve visualizing. (A) Fast Blue-labeled axons contributing to the tibial branch (DAPI filter), and (B) the same section visualizing propidium iodide staining for total nerve area (Texas Red filter). (C) Darkfield digital micrograph of a transverse section of a proximal segment of a sciatic nerve showing BHRP-labeled TA motoneurons. Scale bars = 250 μm.



[image: image]

FIGURE 2. Representative reconstructions of the location of axons contributing to the tibial branch of the left (A,C) and right (B,D) sciatic nerves in a male (A,B) and a female (C,D) rat. Reconstructions were made at 500 μm intervals but are shown at 1,500 μm intervals for illustrative purposes. In all cases, Fast Blue-labeled axons (blue areas) were confined to a discrete location along the course of the sciatic nerve proximally from the sciatic notch to the distal trifurcation. Black outlines indicate the transverse area of the entire nerve measured from propidium iodide-stained images. Fiduciary marks indicated by asterisks in each reconstruction. Inset: Dorsoventral and mediolateral directions. Box indicates reconstruction of the same section shown in Figures 1A,B. Scale bar = 500 μm.




BHRP Labeling

Digital micrographs of BHRP-labeled axons (Figure 1C) showed a discrete localization of labeled axons. Reconstructions of BHRP-labeled axons within the sciatic nerve (Figure 3) revealed a clearly defined and reproducible topographic organization (one nerve was excluded from further analysis due to compromised histology). Labeled axons were found in a discrete location throughout the entire nerve, rather than widely distributed across the entire transverse area. This territory was also relatively large, occupying 12.02 ± 1.01% of the total transverse area. The area occupied by BHRP-labeled axons in the proximal portion of the nerve was 0.035 ± 0.005 mm2. This area increased linearly along the proximo-distal course of the nerve to 0.047 ± 0.007 mm2 distally, an increase of 54.29% [F (2,22) = 17.92, p < 0.0001]. The size and position of the anterior tibialis territory was consistent bilaterally within animals, as well as across animals and sexes.
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FIGURE 3. Representative reconstructions from the left (A,C) and right (B,D) sciatic nerves in a male (A,B) and female (C,D) rat showing the location of motor axons projecting to the TA muscle. Reconstructions were made at 500 μm intervals but are shown at 1,500 μm intervals for illustrative purposes. BHRP-labeled axons (indicated by black dots) were confined to a discrete position throughout the nerve. Black outlines indicate the transverse area of the entire nerve measured from darkfield images. Fiduciary marks indicated by asterisks in each reconstruction. Inset: Dorsoventral and mediolateral directions. Box indicates reconstruction of the same section shown in Figure 1C. Scale bar = 500 μm.





DISCUSSION

We assessed the distribution of axons contributing to either the tibial branch or the anterior tibialis muscle within the sciatic nerve. We found that both populations of axons occupy consistent and discrete territories within the nerve proximally from the sciatic notch to the distal trifurcation. The location and size of these territories was consistent bilaterally within animals as well as across animals and sexes.

Previous work has shown that specific populations of axons serving particular branches of a peripheral nerve run together along the course of the nerve. This theme has been replicated in a variety of species (humans, monkeys, rats), peripheral nerves (median, ulnar, radial, sciatic), and using a variety of techniques including anatomical dissection, retrograde labeling, microCT, and intrafascicular microstimulation. Sunderland’s work in human peripheral nerves demonstrated a somatotopic fascicular organization of axons within the distal portion of the nerve; however, this organization is lost in more proximal segments (Sunderland, 1978). Brushart’s work demonstrated the same distal organization in median nerves of monkeys, and confirmed its consistency more proximally using retrograde labeling techniques. Importantly, the position of these bundles of axons remained consistent throughout the nerve until the brachial plexus, and was consistent bilaterally within and across animals (Brushart, 1991). Previous work by Hallin et al. (1991) also confirmed intrafascicular organization of human peripheral nerves by showing sensory axons within the median nerve are segregated by sensory modality along the entirety of the nerve. More specifically, the human sciatic nerve also exhibits a somatotopic organization of intraneural fascicles as evidenced by magnetic resonance neurography of patients with spinal nerve root lesions (Bäumer et al., 2015).

The rat sciatic nerve exhibits a similar organization of specific axon populations. For instance, Suaid et al., 2016; Ravagli et al., 2020 both demonstrated that the axons contributing to the main branches of the sciatic (peroneal, tibial, and sural) stay discretely organized and do not intermingle for a significant distance proximal to the trifurcation. The same organization was found in the tibial branch of the sciatic nerve after retrogradely labeling individual distal branches contributing to small populations of muscles and tissue in the rat hindlimb (Badia et al., 2010). Our results are consistent with these previous findings: Tibial axons consistently occupied a discrete territory within the sciatic nerve proximally from the sciatic notch to the distal trifurcation. Importantly, these findings were consistent bilaterally within animals, as well as across animals and sexes.

The consistent organization of axons within the sciatic nerve could potentially explain the consistent pattern of anterior tibialis (TA) motoneuron labeling seen after PEG-fusion repair. The population of axons serving the TA muscle was reliably located in a consistent, discrete location along the length of the sciatic nerve. In addition to the consistency in location, the territory occupied by TA axons was also relatively large. These two features of the organization of TA axons within the sciatic nerve would allow for close approximation of severed proximal and distal TA axons during PEG-fusion repair (Figure 4). Therefore, proximal TA axons are extremely likely to be fused to distal axons projecting to TA, leading to the consistent pattern of appropriate connections induced after PEG-fusion repair seen in Ghergherehchi et al., 2019. Although these fusions are appropriate (i.e., proximal motor axons projecting to the TA are often fused to distal TA motor axons), there is no expectation that these fusions are rematches to the original axon segments.
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FIGURE 4. Schematic diagrams of potential proximal and distal axon fusing after single-cut (A) or allograft (B) repair with PEG-fusion. Although there is no expectation for specific re-pairing of severed axons with PEG-fusion, the relatively large and consistently located territory occupied by TA motor axons in the sciatic nerve allows for appropriate realignment of proximal and distal axon segments. Despite misalignment of axon populations through rotations of the nerve stumps during repair, the topography of TA motor axons would allow for some correct populations of proximal and distal axons to be fused.


In our previous work, the consistent pattern of appropriate connections to TA was present regardless of repair type, either single-cut or allograft repair (Ghergherehchi et al., 2019). For single-cut repairs, the organization of axons on the proximal stump will mirror the organization on the distal stump; therefore, territories should experience significant realignment even with the minimal, unavoidable rotations of the nerve stumps during repair (Figure 4). For allograft repairs, the same issue is relevant. Minimal rotations of the host nerve stumps should still leave large, consistent axon territories, like TA, mostly aligned. The allograft itself can be assumed to work similarly to a nerve conduit based on our results that show consistency in territory location along the course of the nerve (Figures 2, 3). Therefore, the allograft still allows for realignment of territories to be attained. Although appropriately fused TA axons were present regardless of repair type, the frequency of distal TA axons being fused to proximal axons from other populations of motoneurons was higher after allograft repairs (Ghergherehchi et al., 2019). This higher frequency of mispairing is likely due to there being two sites of PEG-fusion repair (one at each end of the donor graft) compared to the one site of PEG-fusion in single-cut repairs.

Reducing the frequency of mispairing through realignment of axon territories during repair may promote better behavioral recovery. Like rats, human peripheral nerves display a topographical organization (Sunderland, 1978; Bäumer et al., 2015), and thus realignment of axon territories within nerves should translate to humans. Successful PEG-fusion repair in human peripheral nerves has been reported. PEG-fusion repair of human digital nerves showed quick reestablishment of sensation as assessed by static two-point discrimination (Bamba et al., 2016). Clinical case studies of PEG-fusion repair of larger mixed nerves, like the sciatic, have yet to be reported; however, given the topographic organization in human peripheral nerves, it is likely that PEG-fusion repair of these nerves would show similar enhanced recovery as seen in rats (Ghergherehchi et al., 2019).

In conclusion, the presence of appropriately fused TA motor axons after PEG-fusion repair we previously reported (Ghergherehchi et al., 2019) is likely due to the topographic organization of TA axons within the sciatic nerve. This realignment of appropriate populations of axons could have contributed to the enhanced behavioral recovery seen in PEG-fused animals compared to those who received nerve injury without PEG-fusion repair. Based on our results, future work using PEG-fusion repair should prioritize realignment of territories in order to promote better behavioral recovery.
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Axon regeneration after peripheral nerve injury is slow and inefficient, leading to generally poor functional recovery. Activity-dependent experimental therapies that increase expression of brain-derived neurotrophic factor (BDNF) and its TrkB receptors enhance regeneration, suggesting that treatments with BDNF might also be effective. However, recombinant human BDNF (rhBDNF), as well as 7,8-dihydroxyflavone (7,8-DHF), a small molecular BDNF mimetic, may have limited treatment applications because of their modest oral bioavailability and pharmacokinetic profile. R13 is a 7,8-DHF prodrug. Upon oral administration, it is converted in the liver to 7,8-DHF. In immunoblots from tissues at the site of nerve injury, a single oral treatment with R13 to mice following sciatic nerve transection and repair produced a rapid and prolonged increase in immunoreactivity to phosphorylated TrkB, prolonged phosphorylation of mitogen activated protein kinase (MAPK/Erk1/2), and a rapid but transient increase in phosphorylated AKT (protein kinase B). Intramuscular injections of fluorescent retrograde tracers into the gastrocnemius and tibialis anterior muscles 4 weeks after nerve injury resulted in significantly greater numbers of labeled motoneurons and dorsal root ganglion neurons in R13-treated mice than in vehicle-treated controls. Direct electromyographic (EMG) responses (M waves) were significantly larger in R13-treated mice 4 weeks after injury than vehicle-treated controls or mice treated with oral 7,8-DHF. Oral treatments with the prodrug, R13, are a potent therapy for stimulating axon regeneration and functional recovery after peripheral nerve injury.

Keywords: BDNF (brain derived neurotrophic factor), nerve injuries, retrograde tracer, M response, small molecule


INTRODUCTION

Poor recovery from peripheral nerve injuries (PNIs) is a significant public health problem. These injuries are common and even though it is widely held that axons in injured nerves have greater regenerative potential than injured central nervous system axons, the process is slow and inefficient. The result is that only a very small proportion of individuals with injuries to peripheral nerves ever recover significant function (Portincasa et al., 2007; Scholz et al., 2009). Novel approaches to stimulating the regeneration of injured peripheral axons are needed to improve these poor outcomes and reduce the burden on affected individuals.

Among the most successful experimental therapies for PNI evaluated in preclinical models are application of low frequency (20 Hz) electrical stimulation (ES) and moderate treadmill exercise. Both have resulted in increased elongation of regenerating axons and reinnervation of their targets in the periphery (English et al., 2011; Gordon and English, 2016) and both have resulted in an increase in the number of neurons whose axons have regenerated successfully (Al-Majed et al., 2000; English et al., 2009). Both ES and exercise rely on an increase in the signaling between brain derived neurotrophic factor (BDNF) and its TrkB receptor in the regenerating axons (Gordon and English, 2016). Indeed, application of recombinant human BDNF (rhBDNF) to the repair site of a cut nerve in mice resulted in a marked enhancement of axon regeneration (Sabatier and English, 2015).

However, we sought alternate TrkB ligands because rhBDNF has a very short half-life in tissues. We identified two such small molecules, 7,8-dihydroxyflavone (7,8-DHF) (Jang et al., 2010b) and deoxygedunin (Jang et al., 2010a), and showed that their treatment, delivered either by local application to the injured nerve or by systemic injection, markedly enhanced axon regeneration in mouse models (English et al., 2013). Treatments with these small molecules did not simply promote the release of endogenous BDNF, as they enhanced regeneration in BDNF knockout mice. They did not promote axon regeneration in TrkB knockout mice, indicating that their success required intact TrkB receptors (English et al., 2013).

Despite the successful use of these small molecular TrkB ligands in enhancing axon regeneration, their translational potential has limitations. Local treatments with them are usually limited to singular surgical interventions. Stimulation of axon regeneration over longer distances, as is commonly necessary in human patients and which might require more than one application, would therefore be unlikely. In addition, the biological half-life of systemically applied 7,8-DHF is only slightly longer than that of rhBDNF (Chen et al., 2018), meaning that injections would have to be repeated often to be effective. For these reasons, we have examined the use of a prodrug, R13, that after oral administration is converted into 7,8-DHF by the liver (Chen et al., 2018). This approach significantly extends the duration of TrkB signaling and offers the advantage of oral dosing. The goal of this study was to evaluate the effectiveness of oral treatments with R13 on axon regeneration following peripheral nerve injury in a commonly used mouse model system.



MATERIALS AND METHODS

All experimental methods were approved by the Institutional Animal Care and Use Committee of Emory University (Protocol #PROTO201800101) and were consistent with the guidelines for Animal Research of the Society for Neuroscience. All animals used were C57B6 strain wild type (WT) mice. R13 was obtained from Sundia MediTech, Shanghai, China (Lot No: A0257-10014-16). It was dissolved in a 5% DMSO/0.5% methylcellulose vehicle solution.


Site of Action Experiments

To evaluate whether oral R13 treatments resulted in TrkB activation at the nerve repair site, we used immunoblotting to evaluate the expression of phosphorylated TrkB (pTrkB Y705) and its effect on phosphorylation of the downstream effector molecules, AKT and MAPK/Erk1/2.

Animal treatment and sample preparation: In isoflurane-anesthetized 3-month-old WT mice of both sexes, we exposed the sciatic nerve in the mid-thigh and cut and repaired it by end-to-end anastomosis, as described in more detail below. Three days later, the mice were orally administered R13 (43.6 mg/Kg). This dose is equivalent to 30 mg/Kg of 7,8-DHF, and was chosen because it was the intermediate of three concentrations used to study the pharmacokinetics of R13 in brain and plasma (Chen et al., 2018). Other mice were given a similar volume of vehicle (5% DMSO/0.5% methylcellulose). Prior to (0 min) and at 15, 30, 60, 120, 240, and 480 min after R13/vehicle administration, mice were euthanized with Euthasol® solution (sodium pentobarbital, 390 mg/mL) and the cut and repaired nerves were harvested, including 1 mm proximal and distal to the injury site.

Western blot analysis: The frozen nerves were lysed in Laemmli buffer (62.5 mM Tris-HCL, pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.005% bromophenol blue) and followed by homogenization with sonication. After heating at 98°C for 5 min, similar amounts of tissue lysate from different nerves were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with the antibodies listed in Table 1. Antibody binding was detected using appropriate peroxidase conjugated secondary antibodies and visualized using enhanced chemiluminescence.


TABLE 1. Antibodies used in immunoblots.

[image: Table 1]
Quantification of intensity of immunoreactivity was performed using ImageJ. Values from blots probed for phosphorylated TrkB, AKT, and MAPK/Erk1/2 were compared to values of blots loaded with identical amounts of the same samples and probed for total TrkB, AKT, and MAP kinase. Ratios of phosphorylated to total protein in samples of nerves at different times after administration of R13 or vehicle were compared to the corresponding ratios obtained from mice prior to any administration of R13 or vehicle. Significance of differences in these ratios at different times after R13 administration, to that obtained prior to administration, was evaluated using unpaired t-tests.



Electromyographic Studies

In young adult (6–8-week-old) mice anesthetized with isoflurane, the sciatic nerve was exposed in the mid-thigh and cut and repaired. The protocol for repair is similar to that described in more detail elsewhere (Akhter et al., 2019). Briefly, a small (1 × 2 mm) rectangle of medical grade silastic film was placed beneath the nerve and secured to it with one microliter of fibrin glue, a mixture of fibrinogen and thrombin. Once the glue had set, the nerve was cut near the center of the silastic mat and a second application of fibrin glue was applied to secure the anastomosed segments in place. Wounds were then closed in layers. Daily oral treatments with R13 (21.8 mg/Kg) (four male and four female mice), vehicle (four male and four female mice), or 7,8-DHF (15 mg/Kg) (four male and four female mice) were conducted 5 days per week for 2 weeks, beginning on the third day after injury. The timing of this treatment was designed to be similar to that used to treat animals with exercise (English et al., 2011). The dose of R13 used was the lowest effective dose reported by others. Based on their molecular weights, this dose of R13 is similar to a dose of 15 mg/Kg of 7,8-DHF (Chen et al., 2018).

To evaluate the extent of reinnervation of skeletal muscles by motor axons, direct muscle electromyographic (EMG) responses (M responses) were evoked in the gastrocnemius (GAST) and tibialis anterior (TA) muscles 4 weeks after injury, 2 weeks after the end of treatments with R13, 7,8-DHF, or vehicle. In isoflurane-anesthetized animals, the sciatic nerve was exposed as it exited the pelvis via short skin incision and two monopolar needle electrodes (Ambu #74325-36/40, Columbia, MD, United States) were placed next it and used to deliver electrical stimulus pulses to the nerve. Bipolar fine wire EMG electrodes (Basmajian and Stecko, 1963) were placed transcutaneously into the GAST and TA muscles using a 25G hypodermic needle. Once in place the wires were connected to differential amplifiers. Ongoing background EMG activity was sampled by a laboratory computer system running custom Labview® software, and when activity fell within a user-defined resting level, the computer delivered a 0.3 ms duration constant voltage stimulus pulse to the needle electrodes. Evoked EMG activity, sampled at 10 KHz, was recorded, beginning from 20 ms prior to the stimulus and lasting until 50 ms after the stimulus. Stimulus intensity was increased gradually until a maximum amplitude M response (Mmax) was obtained. Stimuli were delivered no more frequently than once every 3 s to avoid fatigue.

Amplitudes of Mmax were measured off-line as the average full wave rectified voltage within the boundaries of the triphasic responses observed. In all the mice, these amplitudes were scaled to Mmax amplitudes recorded 4 weeks after sciatic nerve transection and repair in untreated animals, reported previously (Park et al., 2019). Scaled Mmax values were compared between the three treatment groups in the two muscles studied. The significance of differences in scaled M response amplitudes between groups was evaluated using ANOVA.



Retrograde Labeling

Four R13-treated (two male and two female) and four vehicle-treated (two male and two female) 6–8-week-old mice were studied. Four weeks after bilateral sciatic nerve transection and repair and 2 weeks of daily oral administration of R13 or vehicle, as described above, retrograde fluorescent tracers were injected into the GAST and TA muscles. These would mark the cell bodies of motor and sensory neurons whose axons had regenerated and successfully reinnervated those muscle targets. In isoflurane-anesthetized mice, one microliter of a 1% solution of wheat germ agglutinin (WGA), conjugated either to Alexafluor 488 or Alexafluor 555, was injected into each of the medial and lateral heads of the GAST and into the TA muscle on both sides of the animals using a 35G needle attached to a 1 μl Hamilton syringe. The injections were made at two locations in each muscle/head and the needle was left in place for 5 min between injections to avoid leakage of the solutions. After the injections were completed the surgical field was flushed three times with sterile saline solution before the surgical wounds were closed and the mice were returned to their cages.

Three days after tracer injection, mice were euthanized with Euthasol® solution and perfused transcardially with 4% paraformaldehyde solution, pH 6.9. Lumbar spinal cords and L4 dorsal root ganglia (DRGs) were harvested, post-fixed for 1 h, and cryoprotected overnight in 20% sucrose solution. Cryostat sections of spinal cords, at 40 μm thickness, were mounted onto charged slides and cover slipped using Vectashield®. Images of these sections at 20X magnification, using a Leica DM6000 upright fluorescence microscope and Hamamatsu low-light camera, were made using HCImage software. Labeled motoneurons were identified if the retrograde fluorescence filled the soma and extended into the proximal dendrites and if a clear area of the cell corresponding to the nucleus could be visualized, as we have described previously (English, 2005). Labeled profiles that did not meet these criteria were not counted. Counts of labeled motoneurons were made separately on the two sides of each spinal cord. Data from R13-treated mice were compared to those found in vehicle-treated animals.

Fourth lumbar (L4) dorsal root ganglia were sectioned on a cryostat at 40 μm thickness, mounted onto charged slides and cover slipped using Vectashield®. Imaging of these sections was identical to that used for spinal cords, above. A DRG neuron was considered labeled if the fluorescent marker filled the entire soma and a nuclear region could be identified. The soma cross sectional area of each labeled DRG neuron was measured using FIJI software. The relative numbers of small (<300 μm2), medium sized (300–700 μm2), and large (> 700 μm2) DRG neurons (Ruscheweyh et al., 2007) in the L4 DRGs of R13-treated and vehicle-treated were compared.



Statistical Analyses

All statistical comparisons were performed using GraphPad Prism software. Alpha for significance of differences was set at p < 0.05 throughout.




RESULTS


Oral R13 Treatment Induces TrkB Activation and Phosphorylation of Downstream Effectors at the Nerve Injury Site

We have shown previously that oral treatment with R13 resulted in a prolonged metabolic production of 7,8-DHF and TrkB receptor activation (Chen et al., 2018). In the present experiments, we chose to investigate whether a similar treatment following peripheral nerve transection and repair would produce such effects at the injury site. We harvested cut and repaired sciatic nerves at different times after a single oral administration of R13 or vehicle, and analyzed the tissue for the presence of TrkB activation. In immunoblots we found a rapid increase in immunoreactivity, relative to pre-treatment levels (unpaired t-test, t6 = 4.937, p = 0.0013) to phosphorylation of TrkB at tyrosine residue 705 (pTrkB Y705), a marker of TrkB activation, within the first 15 min following oral administration of R13. This significant increase over pre-treatment immunoreactivity (p < 0.002) remained for the entire 8-h duration of the experiment (Figure 1A). In contrast, using similar analyses, immunoreactivity to phosphorylated AKT (protein kinase B), a downstream effector of the activated phosphoinositide 3-kinase (PI3K) signaling pathway, was only transiently increased in R13-treated mice (Figure 1B). A statistically significant increase relative to pre-treatment immunoreactivity (t6 = 2.670, p = 0.037) was found only at the earliest post-application time (15 min), but not at later times. A single oral treatment with R13 resulted in a slightly slower (after 30 min) increase (t6 = 2.712, p = 0.035) in phosphorylation of mitogen-activated protein kinase (MAPK/Erk1/2) (Figure 1C). This significant (p < 0.05) increase persisted for the 8-h duration of the experiment. No visible change in relative immunoreactivity to pTrkB Y705, pAKT, or pMAPK/Erk1/2 was found in nerves from mice treated orally with vehicle under similar conditions (Supplementary Figure 1).


[image: image]

FIGURE 1. Oral R13 treatment stimulates TrkB phosphorylation and a downstream effector at the site of nerve injury. On the left side of each panel, examples of blots of sciatic nerves at the site of injury prior to (0 min) and at 15, 30, 60, 120, 240, and 480 min after oral administration of R13 are shown. On the right are quantitative results from blots from four nerves (n = 4). Bands of specific protein were densitometrically analyzed and normalized to the signal intensity of beta-actin. For each of the three proteins studied, the ratio of the expression of their activated (phosphorylated) form relative to total protein expression was calculated. Significance of differences at different times after administration from that prior to R13 administration was evaluated using an unpaired t-test: *p < 0.05 **p < 0.01, n = 4. (A) Immunoblots for anti- phosphorylated TrkB (pTrkB Y705), TrkB, and beta-actin. (B) Immunoblots for anti- phosphorylated AKT (pAKT), AKT, and beta-actin. (C) Immunoblots for anti- phosphorylated MAP kinase (pMAPK/Erk1/2), MAPK/Erk1/2, and beta-actin.




Oral R13 Treatments Promote Successful Regeneration of Axons of More Motoneurons

Motoneurons whose axons had regenerated and successfully reinnervated the two heads of GAST and the TA muscle were marked using retrograde fluorescent tracers. Examples of labeled TA (green) and GAST (red) motoneurons, and motoneurons labeled with both tracers (yellow, arrows), are shown in Figure 2A. Counts (mean ± SEM) of labeled motoneurons reinnervating these two muscles in vehicle-treated and R13-treated mice are shown in Figure 2B. Using a two-way (sex vs. treatment) ANOVA to evaluate the neuron counts from the two muscles, we found a significant difference due to treatment [F(1,28) = 4.662, p = 0.040] but not sex [F(1,28) = 0.006, p = 0.938] or interaction [F(1,28) = 0.215, p = 0.647]. Counts from males and females were then combined and data from the different treatments compared using a one-way ANOVA. Significant differences were found [F(5,42) = 79.15, p < 0.0001], and using post hoc (Tukey) paired testing, significantly more retrogradely labeled motoneurons were found in the R13-treated mice than in the vehicle-treated controls for both TA (p < 0.003) and GAST (p < 0.0001). For both treatment groups studied a small number of motoneurons contained both retrograde tracers, suggesting that their regenerating axons had branched and reinnervated both the GAST and TA muscles. Differences in the numbers of these doubly labeled cells between the two groups was not significant (p = 0.620). R13 treatments thus resulted in successful regeneration of axons of more motoneurons than vehicle-treated controls.


[image: image]

FIGURE 2. Oral R13 treatments enhance the number of motoneurons whose axons regenerated successfully. A. Image of a longitudinal section through lamina IX of the lumbar spinal cord of a mouse 4 weeks after sciatic nerve transection and repair and treatment with R13. Red and green fluorophores mark motoneurons retrogradely labeled from tracers injected into the reinnervated gastrocnemius (GAST) and tibialis anterior (TA) muscles, respectively. (A) Small number of motoneurons contain both labels (Both, yellow arrows). (B) Mean (± SEM, n = 8) numbers of labeled neurons in these three categories in vehicle-treated (V) and R13-treated mice. ** = p < 0.01, **** = p < 0.0001.




Oral R13 Treatments Promote Successful Regeneration of Axons of More Sensory Neurons

We counted retrogradely labeled neurons in histological sections of the L4 DRGs (Figure 3A) 4 weeks after sciatic nerve transection and repair. Using a two-way (sex vs. treatment) ANOVA to evaluate the data from counts of sensory neurons retrogradely labeled from the two muscles together, we found a significant difference due to treatment [F(1,23) = 21.37, p < 0.0001] but not sex [F(1,23) = 0.037, p = 0.845] or interaction [F(1,23) = 0.894, p = 0.354]. Counts from males and females were then combined and those from vehicle-treated (Figure 3B: light bars) and R13-treated (Figure 3B: dark bars) mice were compared using a one-way ANOVA. Significant differences were found [F(5,32) = 15.56, p < 0.0001], and using post hoc paired testing, significant differences were found between R13-treated and vehicle-treated groups for both TA (p < 0.0001) and GAST (p < 0.023). No significant differences were found between these two groups for the small number of DRG neurons that were doubly labeled from tracer injections in both TA and GAST. Thus, R13 treatments resulted in the successful regeneration of more muscle sensory axons than controls.


[image: image]

FIGURE 3. Oral R13 treatments promote regeneration of muscle afferent neurons. (A) Histological section through an L4 dorsal root ganglion (DRG) from a mouse treated with R13. Cell bodies of primary afferent neurons successfully reinnervating the gastrocnemius (GAST, red) or tibialis anterior (TA, green) muscles 4 weeks after sciatic nerve transection and repair are shown. Sensory neurons labeled by both tracers (yellow) are indicated by the yellow arrows. (B) Counts of labeled neurons (mean ± SEM, n = 6) in the L4 dorsal root ganglia of vehicle-treated and R13-treated mice. (C) Mean proportions of labeled DRG neurons in different size classes in the two different treatment groups. No significant differences were found between R13-treated and vehicle-treated mice. * = p < 0.05, **** = p < 0.0001.


We next evaluated the proportion of labeled DRG cells in three different size groupings (Ruscheweyh et al., 2007). We approached this size-based separation as a convenient way to compare the extent of success of axon regeneration among different groups of DRG neurons, not to distinguish between neurons of different functional classes. We expressed the number of small (<300 μm2), medium-sized (300–700 μm2), and large (> 700 μm2) neurons as a function of the total number of labeled neurons in the two treatment groups. Mean proportions of all DRG neurons labeled from GAST and TA in these size classes are shown in Figure 3C. We compared these proportions using a one-way ANOVA [F(5,24) = 8.402 p = 0.0001]. Significantly (p < 0.001) more medium-sized labeled neurons were found in both treatment groups from both muscles than either small or large neurons. However, no significant differences were found in the proportions of these sensory neurons in each of the size classes between R13-treated and vehicle-treated mice for both TA and GAST.



Oral R13 Treatments Result in Greater Muscle Reinnervation Than Controls

To evaluate the effects of R13 treatments on functional motor recovery after sciatic nerve transection and repair, we evoked direct muscle EMG responses (M responses) to sciatic nerve stimulation in GAST and TA muscles 4 weeks after injury. Examples of M responses recorded at that time from an R13-treated mouse, a vehicle-treated mouse, and a mouse treated with oral 7,8 DHF are shown in Figure 4A. The amplitudes of full wave rectified Mmax responses in the R13-treated, vehicle-treated, and oral 7,8-DHF-treated mice were scaled to the mean Mmax amplitude recorded from a series of untreated mice 4 weeks after sciatic nerve transection and repair (Park et al., 2019). Differences in these scaled Mmax amplitudes were first compared between male and female mice treated either with R13 or vehicle or 7,8-DHF (N = 4 of each sex in each group) using a two-way (sex and treatment) ANOVA. A significant effect of treatment [F(1,12) = 6.775, p = 0.023 for GAST, F(1,12) = 4.973, p = 0.04 for TA] was found, but not for sex or for interaction, so that data from the sexes were combined. Significance of differences between treatment groups was determined using a one-way ANOVA. Significant differences were found for both GAST [F(2,19) = 12.01, p = 0.0004] and TA [F(2,19) = 8.892, p = 0.019]. Using post hoc paired testing, scaled Mmax amplitudes from both muscles were found to be significantly greater in the R13-treated mice than in either the vehicle-treated mice (p < 0.002 for GAST, p < 0.010 for TA) or the mice treated with oral 7,8-DHF (p < 0.001 for GAST, p < 0.002 for TA) (Figure 4B). The scaled Mmax responses in vehicle-treated mice and mice treated with oral 7,8-DHF were not significantly different from each other, and their mean scaled Mmax amplitudes were not significantly different from unity (mean + 95% confidence interval > 1.0), indicating that among these treatments, only oral administration of R13 produced a significant enhancing effect on functional muscle reinnervation.
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FIGURE 4. (A) Direct muscle (M) responses recorded from gastrocnemius muscles in response to sciatic nerve stimulation are shown 4 weeks after sciatic nerve transection and repair from a mouse treated with oral R13 (upper trace), from a mouse treated with vehicle (middle trace), and from a mouse treated with oral 7,8-DHF (lower trace). (B) Mean (± SEM) scaled full wave rectified M response amplitudes recorded from gastrocnemius (GAST) and tibialis anterior (TA) muscles 4 weeks after sciatic nerve transection and repair and oral treatment with vehicle (n = 8), 7,8-DHF (n = 7), or R13 (n = 7). The dashed horizontal line at unity represents the mean Mmax amplitude recorded from untreated mice 4 weeks after transection and repair of the sciatic nerve (Park et al., 2019). **p < 0.01, ***p < 0.001.





DISCUSSION

Poor functional recovery from peripheral nerve injuries is a significant clinical problem. Even though axons in peripheral nerves are capable of regenerating after injury, very few nerve injury patients experience significant functional recovery (Portincasa et al., 2007; Scholz et al., 2009). The most common reason given for these poor outcomes is the slow and inefficient process of axon regeneration. Novel treatments are required if this situation is to be improved. The present study reports the initial results of examination of one such novel experimental approach, oral administration of the prodrug R13 following sciatic nerve transection and repair.

We and others have argued that successful axon regeneration following PNI could be improved by increasing the activation of the TrkB receptor by BDNF, by either direct application of recombinant human BDNF (rhBDNF), or by activity-dependent treatments such as brief 20 Hz electrical stimulation or treadmill exercise (Gordon and English, 2016). Systemic injections of the small molecule TrkB ligands deoxygedunin or 7,8-DHF also proved effective (English et al., 2013). However, the bioavailability of rhBDNF and even 7,8-DHF is limited (Chen et al., 2018) so that successful enhancement of axon regeneration over distances like those often encountered in human patients could require multiple daily injections or/and high doses that could contribute to unwanted side effects or even toxicity. The development of the R13 prodrug sought to circumvent these limitations. It is metabolized in the liver, releasing 7,8-DHF into the systemic circulation gradually, thereby prolonging the bioavailability of that BDNF mimetic (Chen et al., 2018).

We show here that oral administration of R13 following sciatic nerve transection and repair results in a rapid and prolonged increase of TrkB phosphorylation at the site of the nerve injury. Phosphorylation of TrkB at tyrosine residue 705 is considered a critical step in TrkB receptor activation, which further regulates the phosphorylation of other TrkB positions leading to activation of downstream signaling pathways (Huang and Reichardt, 2003; Huang and McNamara, 2010). Increased BDNF and TrkB expression at the site of nerve injury has been reported (Funakoshi, 1993) and it might be presumed, therefore, that some activation of TrkB might be found. Indeed, we did find modest immunoreactivity to pTrkB Y705, relative to full length TrkB, in cut nerves prior to administration of either R13 or vehicle. However, an increase in relative pTrkB Y705 immunoreactivity was noted later only after R13 administration. We also found that R13, but not vehicle administration produced prolonged activation of pMAPK/Erk1/2, a notable downstream effector of TrkB activation. We found modest immunoreactivity for pMAPK/Erk1/2 in cut nerves prior to either R13 or vehicle administration. This observation is consistent with the findings of others in the proximal and distal segments of cut nerves (Sheu et al., 2000), where it has been implicated in the formation of repair Schwann cells (Harrisingh et al., 2004). Because Schwann cells express only the truncated form of TrkB (Funakoshi, 1993), we suggest that our finding of increased pTrkB Y705 and pMAPK/Erk1/2 activity after R13 treatments are related to signaling in other cell types, including neurons.

Consistent with its effects on TrkB signaling, oral treatment with R13 enhanced axon regeneration. The number of both motoneurons and muscle sensory neurons whose axons had regenerated and successfully reinnervated two target muscles was increased with R13 treatments. In addition, after oral treatment with R13, the mean number of motoneurons labeled by retrograde tracers injected into these muscles was within the confidence limits of those reported for intact mice (Xu et al., 2021), suggesting that oral R13 treatments produced a near complete regeneration of motor axons in as little as 4 weeks. Similarly, the restoration of muscle innervation was enhanced by R13 treatments. Amplitudes of M responses in R13-treated mice were increased 2-3-fold in R13-treated animals over both vehicle-treated controls and mice treated with oral dosing of 7,8-DHF.

The number of muscle sensory neurons labeled after tracer injections into the GAST and TA muscles also increased after R13 treatments. Similar increases in small, medium, and large neurons were noted, suggesting that the improved axon regeneration provided by increased availability of the TrkB ligand in R13-treated mice was not restricted to a particular size class. It is known that after PNI, the expression of TrkB in DRG neurons is expanded to include neurons of all size classes if those neurons are activated by electrical stimulation (English et al., 2007; Geremia et al., 2007), a treatment known to increase BDNF release (Gordon and English, 2016). We speculate that our R13 treatments improved regeneration of these different sizes of muscle sensory axons via a similar expansion of TrkB expression. Whether R13 treatments also promote the accurate reinnervation of muscle proprioceptive end organs like muscle spindles, as well as improved reinnervation of non-muscle sensory targets such as skin, awaits further investigation.

We treated mice with R13 multiple times after the nerve injury to be comparable to the application of moderate daily exercise that we have used successfully in previous studies (English et al., 2011; Sabatier and English, 2015; Gordon and English, 2016) and that also relies on increased BDNF-TrkB signaling for its effectiveness (Wilhelm et al., 2012). Our findings at 4 weeks after injury are that the numbers of successfully regenerating motor axons and the amplitudes of M responses are similar to what we have reported in mice treated with exercise. We believe that the effectiveness of our experimental R13 therapy is the result of the gradual release of the BDNF mimetic 7,8-DHF over the 2-week treatment period. However, unlike BDNF, 7,8-DHF does not bind to and signal through the common neurotrophin receptor, p75NTR (Wurzelmann et al., 2017). It is thus possible that our R13 treatments were so effective also because they avoided any anti-growth effects on regenerating axons resulting from p75NTR binding (Boyd and Gordon, 2001; McGregor et al., 2021).



CONCLUSION

In conclusion, R13 treatments show considerable promise as a novel approach to enhancing functional recovery following PNI. The convenience of its oral administration, its prolonged biological activity at the site of injury, and its stimulation of both sensory and motor axon regeneration make it an experimental therapy worthy of further consideration.
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Traumatic neuromuscular injury to the pudendal nerve and urethra during childbirth does not regenerate well and contributes to stress urinary incontinence in women. Mesenchymal stem cells (MSCs) can improve neuroregeneration via their secretions, or secretome, which includes brain-derived neurotrophic factor (BDNF). In this study, we investigated whether BDNF is a key factor in the secretome of MSCs for the facilitation of functional recovery following a dual simulated childbirth injury. BDNF knockdown (KD) MSCs were created using an anti-BDNF shRNA lentivirus vector. A scrambled sequence was used as a transduction control (scrambled). Cells were cultured for 24 h before media was concentrated 50x to create concentrated conditioned media (CCM) containing MSC secretome. CCM of unmanipulated MSCs was screened for high BDNF expression (high BDNF CCM). Concentrated control media (CM) was created by concentrating media not conditioned by cells. Female Sprague-Dawley rats underwent bilateral pudendal nerve crush and vaginal distension (Injury) or sham injury. One hour and 1 week after injury, sham injured rats received CM, and injured rats received CM, high BDNF CCM, KD CCM, or scrambled CCM (300 μl intraperitoneally). Three weeks after injury, rats underwent leak point pressure (LPP) and pudendal nerve sensory branch potential (PNSBP) recordings. The urethra and pudendal nerve were harvested for anatomical assessment. ANOVA followed by the Student-Newman-Keuls test determined significant differences between groups (p < 0.05). BDNF KD CCM had significantly decreased BDNF concentration compared to scrambled CCM, while the concentration in high BDNF CCM was significantly increased. LPP was significantly decreased in CM and KD CCM treated animals compared to sham injury, but not with scrambled or high BDNF CCM. PNSBP firing rate showed a significant decrease with CM treatment compared to sham injury. Neuromuscular junctions in the urethral sphincter in KD CCM, scrambled CCM, and high BDNF CCM were healthier than CM treated rats. While anatomical and nerve function tests demonstrate regeneration of the pudendal nerve with any CCM treatment, LPP results suggest it takes longer to recover continence with reduced BDNF in CCM. BDNF in MSC CCM is an important factor for the acceleration of recovery from a dual nerve and muscle injury.

Keywords: siRNA knockdown, leak point pressure, neuromuscular junctions, reinnervation, urethra, external urethral sphincter, neuroregeneration, pudendal nerve


INTRODUCTION

Traumatic injuries can be caused by automobile or industrial accidents, violence, and combat injuries; however, while not typically characterized as traumatic, childbirth also causes damage to nerves, muscles, and the supportive tissues of the pelvic floor (Noble et al., 1998; Gray, 2004; Taylor et al., 2008). Traumatic injuries lead to loss of motor and sensory function and potentially the development of neuropathic pain (Chan et al., 2014). Since few patients achieve full recovery, patients will live the rest of their lives with these symptoms, affecting many patients in the prime of their lives (Karsy et al., 2019).

While modern medicine has helped save maternal and newborn lives in childbirth, damage to the lower urinary tract and pelvic floor during delivery can lead to stress urinary incontinence (SUI), the unwanted leakage of urine from increased abdominal pressure (Meyer et al., 1993; Abrams et al., 2002; Gray, 2004; Salam et al., 2014; Ng et al., 2017; Daly et al., 2018). Women suffering from post-partum SUI are 2.5× more likely to develop it later in life, suggesting insufficient regeneration after childbirth as a contributor to SUI (Meyer et al., 1993; Eftekhar et al., 2006).

One of the critical components of urethral closure pressure and maintenance of continence is the external urethral sphincter (EUS; Delancey et al., 2008). The EUS is innervated by the pudendal nerve (PN) and both can be injured as the baby’s head passes through the birth canal during delivery (Snooks et al., 1984, 1986; Meyer et al., 1993). It has been theorized that this combinational neuromuscular injury contributes to the pathophysiology of SUI (Swash, 1990).

Preclinical rodent studies of simulated childbirth injuries have shown that the combination of vaginal distension (VD), which injures the EUS, and a PN crush (PNC), significantly delays recovery of urinary continence (Jiang et al., 2009a, b). Additionally, while VD does not itself reduce PN function when VD is added to PNC, it significantly delays PN functional recovery (Jiang et al., 2009a, b). This delay in functional recovery is supported by inadequate expression of brain-derived neurotrophic factor (BDNF) by the EUS after dual injury (Pan et al., 2009). However, administration of BDNF or electrical stimulation of the PN in turn accelerates functional recovery after injury (Gill et al., 2013a; Jiang et al., 2013). The above facts suggest that BDNF may be a key factor for PN regeneration.

Mesenchymal stem cells (MSCs) have great regenerative potential, primarily via their secretions, which include growth factors, cytokines, and extracellular vehicles (Zhang et al., 2007; Barzilay et al., 2009; Mias et al., 2009; Penn, 2012; Peter et al., 2012; Tran and Damaser, 2015). We have previously demonstrated that MSCs or their secretions, termed the secretome, accelerate functional recovery after a dual simulated childbirth injury consisting of PNC and VD (Deng et al., 2015; Janssen et al., 2019). The aim of this study was to investigate whether BDNF is a critical factor in the secretome of MSCs for the facilitation of functional recovery following a dual neuromuscular simulated childbirth injury. We hypothesized that BDNF is necessary to facilitate functional regeneration via the secretome of MSCs.



MATERIAL AND METHODS


Study Design

This research was approved by the Institutional Animal Care and Use Committee of the Cleveland Louis Stokes Veterans Affairs Medical Center. Sixty-six female, adult, age-matched virgin Sprague-Dawley rats (Envigo, Indianapolis, IN, USA, 226–283 g) were randomly divided into five groups (Figure 1A). The first group underwent sham injury and received concentrated control media (CM; Sham Injury + CM; n = 17). The remaining groups underwent dual injury to create SUI and received either one of four treatments: CM (Injury + CM; n = 16), concentrated conditioned media (CCM) from MSCs in which BDNF had been knocked down by small interfering RNA (siRNA) transduction (Injury + BDNF KD CCM; n = 12), CCM from MSC with scrambled siRNA transduction (Injury + scrambled CCM; n = 11), or CCM from unmanipulated MSCs selected for their high BDNF concentrations (Injury + high BDNF CCM; n = 10). Each animal received two 300 μl treatments via intraperitoneal (i.p.) injections, 1 h after the injury, and 1 week later. All rats underwent functional testing 3 weeks after injury, including leak point pressure (LPP) with simultaneous EUS electromyography (EMG), as well as PN sensory branch potential (PNSBP) recording. Rats were then euthanized and the pudendal nerve and urethra were dissected for anatomical assessment of pudendal nerve regeneration via immunofluorescence.
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FIGURE 1. Experimental design diagrams and BDNF knockdown validation. Experimental design (A) indicating the five experimental groups: Sham Injury + Control Media (CM), Injury (Pudendal Nerve Crush + Vaginal Distension) + CM, Injury + Brain-Derived Neurotrophic Factor Knockdown (BDNF KD) Concentrated Conditioned Media (CCM), Injury + Scrambled CCM, or Injury + High BDNF CCM. ▴Indicates an intraperitoneal injection of treatment. Experimental timeline of mesenchymal stem cell (MSC) purification, transductions, and CCM production (B). ★Indicates the passage at which the procedure was performed. Validation of BDNF concentration (C). CCM BDNF concentration. Bars are mean ± standard error of the means from 3 to 5 samples per group. ANOVA followed by a Student-Newman-Keuls post-hoc test was used to indicate significant differences. #Indicates a significant difference compared to the other two groups.





Mesenchymal Stem Cells (MSCs)

Bone marrow was collected from femurs and tibias of Sprague Dawley female donor rats to obtain MSCs as described previously (Dissaranan et al., 2014). Cells were cultured in normoxic conditions with 5% CO2 at 37°C in Dulbecco’s modified Eagle’s low glucose (DMEM) media supplemented with 10% and 12.5% fetal bovine serum (FBS). MSCs were selected by sorting the cells at passage 3 for intracellular adhesion molecule 1 (ICAM-1) via flow cytometry (Figure 1B). MSCs were transduced at passage 5 with either short hairpin BDNF RNA (shRNA; a form of siRNA), scrambled shRNA, or were not transduced and were cultured to passage 11–13 before being used to prepare CCM, containing the secretome of MSCs.



Transduction and Modulation of CCM

H9C2 (ATCC) cells were maintained in Dulbecco’s modified Eagle’s low glucose (DMEM) media supplemented with 10% and 12.5% fetal bovine serum (FBS) respectively, and 1% anti-antimycotic (ThermoFisher/Gibco, Carlsbad, CA, USA, 15240-062). 293-FT (ATCC) cells were maintained in DMEM high glucose (ThermoFisher/Gibco, #11965-084) with 10% FBS, 1% MEM NEAA (ThermoFisher/Gibco, 11140-050), 1% L-Glutamine (media core 527-45) 1% anti-anti, 1% 100 mM Napyruvate Solution with or without 1% Geneticin (ThermoFisher/Gibco, #11811-023).

Six shRNA sequences were selected for initial testing to determine which would decrease BDNF expression. Six different lentiviruses were produced from co-transduced 293-FT cells with the vector pLKO.1 (Addgene, Watertown, MA, USA) with one of six shRNAs against BDNF mRNA with packaging plasmids (pMDL, pRev, and pVSVG, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Forty-eight hours after transduction, the medium from the 293FT cells was collected and concentrated by 20,000 rpm ultracentrifugation for 2 h. The concentrated supernatant was used to transduce H9C2 cells as a test case and 4 μg/ml of puromycin was added 48 h post-transduction. Cells resistant to puromycin were selected and knockdown purity was detected by ELISA. The sequence that produced the greatest decrease in BDNF expression (5’ccggGGCGGTTCATAAGGATAGACActcgagTGTCTATCCTTATGAACCGCCtttttg3’) was chosen for the experiment and a scramble of this sequence (5’ccggGACAGAATGCGATCGGAGTTActcgagTAACTCCGATCGCATTCTGTCtttttg3’) was chosen to serve as a transduction control.

Rat MSCs were transduced at Passage 5 with the BDNF KD or scrambled lentivirus (Figure 1B). Forty-eight hours after transduction, 4 μg/ml puromycin was added to the media to select transduced cells for the first 10 days. The concentration of puromycin was reduced to 2 μg/ml in the medium to maintain the selection. Transduced MSCs were expanded and CCM was collected at passages P11-P13 (Figure 1B). CCM BDNF levels were then detected using ELISA. CCM from naive MSCs with BDNF concentration greater than 110 pg/300 μl were selected for the High BDNF CCM group.



Characterization of CCM With Total Protein and Differentiation Assays

The concentration of total protein of each CCM batch was estimated using a PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, #23225) with bovine serum albumin (BSA, Life Technologies, Carlsbad, CA, USA, #15561020) as a standard. Adipogenesis, chondrogenesis, and osteogenesis differentiation assays (ThermoFisher/Gibco, #A10070-1, A10071-1, and A10072-1) were done according to the manufacturer’s instructions to confirm that MSCs retained stem cell characteristics after shRNA transduction in all three MSC groups at P12-P13. After differentiation, adipocytes were stained with oil red O stain on day 14, chondrocytes were stained with toluidine blue stain on day 11, and osteocytes were stained with alizarin red S stain on day 21. Images were taken with an Olympus light microscope (Center Valley, PA, USA; model: BH2-HLSH).



Concentrated Conditioned Medium (CCM) and Concentrated Control Media (CM)

When BDNF KD, scrambled, or naive MSCs grew close to confluent (P11-P13), regular MSC culture media was replaced with antibiotic- and serum-free DMEM media for 24 h and were concentrated 50× by 4,000 rpm centrifugation for one and half hours at 4°C using Amicon ultra-15 Centrifugal Filters (Millipore, Burlington, MA, USA, #UFC900324). By the same process, CM was produced by concentrating the serum-free DMEM media not exposed to the cells. Each dose of CCM consisted of 300 μl, which was the CCM from 1 T-75 flask of MSCs, or approximately 1.5 × 106 MSCs.



ELISA

BDNF in BDNF KD, scrambled, and high BDNF CCM was quantified using a BDNF ELISA kit (G7610, Promega Madison WI, USA) according to the manufacturer’s protocol. In brief, 50 μl of CCM and 50 μl of blocker and sample buffer were added to each well. Based on duplicate assays, results were reported as total protein of BDNF pg/injection (300 μl of CCM).



Model Creation and Treatment With CCM or CM

All rats were anesthetized with 2% isoflurane and underwent 4 h VD after bilateral PNC to create the dual injury model of SUI, as described previously (Jiang et al., 2009b; Deng et al., 2015; Janssen et al., 2019). In brief, the pudendal nerve was isolated and crushed in the ischiorectal fossa with a Castroviejo needle holder twice, each for 30 s. The vagina was accommodated for VD with increasing sizes of bouge a boule urethral dilators (24–32 Fr). A modified 10 Fr catheter was then inserted into the vagina, and then the balloon was inflated with 3 ml water for 4 h.

Sham injured rats received incisions in the dorsal skin at the same position and length as injured rats, and the vagina was accommodated with the urethral dilators. The catheter was inserted into the vagina for 4 h, but the balloon was not inflated. All rats received two subcutaneous doses of Rimadyl: one dose immediately before surgery and the second 24 h later. All rats received two doses of CM or CCM (300 μl i.p.) 1 h and 1 week after injury or sham injury.



Functional Testing: Urinary Function and Pudendal Nerve Sensory Nerve Testing

In vivo functional tests, including LPP, EUS EMG, and PNSBP, were performed as described previously (Deng et al., 2019; Balog et al., 2021). Under 2% isoflurane anesthesia, a PE-50 polyethylene catheter was inserted into the rat bladder dome and a purse-string suture was used to fix the catheter before closing the abdominal wall. The catheter was then connected to a syringe pump (5 ml/h, model 200; KD Scientific, New Hope, PA) and a pressure transducer (model PT300; Natus Neurology, Providence, RI, USA). Straight parallel bipolar platinum-iridium electrodes, 1.0 mm apart (250 μm diameter; FHC, Inc., Bowdoin, ME, USA) were placed on the surface of the EUS, located at the mid-urethra, and were connected to an amplifier (band-pass frequencies: 3 Hz–3 KHz, model P511; AC Amplifier, Natus Neurology, Middleton, WI, USA) and electrophysiological recording system (10-kHz sampling rate, Power-Lab 8/35, AD Instruments, Colorado Springs, CO, USA). The pudendal nerve sensory branch was identified and isolated at the ventral side of the pudendal canal. It was suspended over a curved, parallel bipolar platinum-iridium recording electrode (250 μm diameter wire, 0.8 mm apart, 1.0 mm hook diameter; FHC, Inc., Bowdoin, ME, USA) connected to the amplifier and electrophysiological recording system and was recorded after LPP and EUS EMG recording.

Before recording, the rats were anesthetized with urethane (1.2 g/kg i.p.) and the isoflurane anesthesia was disconnected to better preserve continence and voiding function (Cannon and Damaser, 2001). The bladder was slowly filled with room temperature saline (5 ml/h) via the syringe pump connected to the suprapubic bladder catheter, with rats in a supine position. For LPP with simultaneous EUS EMG recording, with the bladder approximately half full, the bladder was gently and slowly depressed while recording bladder pressure and EUS EMG. The external pressure was rapidly removed when saline leakage was visualized at the urethral meatus. LPP with simultaneous EUS EMG testing was repeated several times in each rat until at least three consistent results were obtained. After LPP and EUS EMG testing, the clitoris was brushed with gauze at a moderate speed while PNSBP was recorded. This procedure was repeated four times in each animal.



Histology

The urethra (harvested en bloc with the anterior vagina) and pudendal nerves were dissected, stored at −80°C, and sectioned transversely (14 μm). Transverse urethral sections underwent immunofluorescence to assess the innervation of neuromuscular junctions (NMJ) of the EUS after injury, with primary antibodies (anti-neurofilament 68, cat #N5137, and anti-neurofilament 200, cat #N0142, both 1:400 dilution, Sigma-Aldrich, St Louis, MO, USA) and secondary antibody (Alexa Fluor 488-conjugated donkey anti-mouse IgG, cat #A21202, 1:400 dilution, ThermoFisher) to identify axons, with 4 μg/ml of tetramethylrhodamine-conjugated α bungarotoxin (Rh-α-BTX, cat #T1175; ThermoFisher) to identify acetylcholine receptors at the NMJs, and with Alexa 350-conjugated phalloidin (1:20 in PBS, cat #A22281 ThermoFisher) to identify striated muscles of the EUS. Transverse pudendal nerve sections also underwent immunofluorescence to identify axons using Neurofilament 68 and 200 as the primary antibodies as above.



Data Analysis

In vivo physiological data, including LPP, EUS EMG, and PNSBP, were analyzed as described previously (Deng et al., 2019). LPP was defined as baseline pressure just prior to LPP testing subtracted from peak pressure at leakage. The mean of LPP for each animal was calculated by selecting all LPPs (3–5) performed in a given animal and determining the mean LPP. Quantitative assessment of EUS EMG and PNSBP was performed by selecting a 1-s segment of baseline and a 1-s segment at peak activity to determine the mean amplitude and firing rate of muscle and nerve activity as done previously (Jiang et al., 2009b). In brief, electrophysiological analysis was performed with an automated methodology in Matlab software (R2012B, MathWorks Natick, MA, USA). EMG recordings were digitally filtered using a 60-Hz notch filter with 2-Hz bandwidth to remove powerline interference. Paired, one-second segments from EMG recordings were extracted for each LPP recording: just before the LPP manipulation (Baseline) and at peak LPP pressure (Peak). For each paired recording, a spike crossing threshold was calculated based on the interquartile range (IQR). This statistically-calculated threshold was derived entirely from the data itself, and was used rather than a fixed threshold, to adapt for intra- and inter-animal recording differences commonly encountered in EMG analysis.

Each segment was centered on a mean value of 0, and scaled to the electrode-referred voltage by dividing by the instrumentation amplifier gain, such that segments represented the amplitude in μV as recorded at the nerve. Baseline and Peak segments were combined, and the interquartile range (IQR) of paired recordings was calculated. For spike counting, any spike in the EMG waveform with the peak magnitude exceeding the IQR was identified. Spike peak values and locations were selected where the maximum signal magnitude occurred between successive crossings of the IQR threshold. For each EMG segment pair, the mean spike amplitude for identified spikes was calculated based on magnitude (in μV), and the mean firing rate was calculated as the number of identified spikes divided by the EMG segment length (1 s). An increase in EUS EMG amplitude and firing rate at peak bladder pressure during LPP testing was calculated by subtracting values at baseline from values at peak bladder pressure for each LPP trial, as modified from our prior work (Jiang et al., 2009b; Deng et al., 2019).

Mean values of each quantitative variable from each animal were determined and used to calculate a mean and standard error (SE) for each experimental group. One-way ANOVA followed by the Student-Newman-Keuls test was used to compare LPP, EUS EMG, and PNSBP results since these data were normally distributed. P < 0.05 indicated a statistically significant difference between groups for all statistical tests.

Immunofluorescence was evaluated qualitatively by a blinded observer. The thickness of innervating axons, the concentration of NMJs in the EUS, and integrity of the NMJs were used to evaluate the innervation of the EUS qualitatively. Nerve fascicle density and axon morphology/organization were used to assess pudendal nerve regeneration qualitatively.




RESULTS

BDNF concentration in CCM was significantly decreased in BDNF KD CCM (48.2 ± 3.1 pg/300 μl) compared to both scrambled CCM (94.6 ± 8.0 pg/300 μl) and high BDNF CCM (129.0 ± 13.0 pg/300 μl, Figure 1C). The concentration of BDNF in high BDNF CCM was also significantly increased compared to scrambled CCM (Figure 1C).

MSCs transduced with either BDNF KD or scrambled siRNA demonstrated the ability to differentiate into chondrocytes, osteocytes, and adipocytes (Figure 2), as we have shown previously for these rat bone marrow derived MSCs. This demonstrated that transduction did not alter their status as MSCs (Dissaranan et al., 2014). Images were collected at the end of the differentiation, as specified in the manufactures instructions: day 14 for adipocytes, day 11 for chondrocytes, and day 21 for osteocytes. Total protein assays of CCM demonstrated no significant differences between the three different CCM groups.
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FIGURE 2. Differentiation assay. Example images of adipogenesis, chondrogenesis, and osteogenesis assays for mesenchymal stem cells (MSCs) that were either transduced with scrambled or brain-derived neurotrophin factor (BDNF) knockdown (KD) shRNA or were nontransduced controls with high BDNF levels. The scale bars for the adipogenesis and chondrogenesis assays are 100 μm. The scale bar for the osteogenesis assay is 500 μm.



LPP examples 3 weeks after injury showed a visible decrease in LPP and EUS EMG in the injury + CM and injury + BDNF KD CCM groups compared to the sham injury + CM group (Figure 3A). When all groups were compared, LPP was significantly decreased in the injury + CM (28.3 ± 2.1 cm H2O) and injury + BDNF KD CCM (31.1 ± 2.5 cm H2O) groups compared to sham injured animals (40.9 ± 3.3 cm H2O, Figure 3B). LPP in the injury + scrambled CCM group (36.0 ± 3.1 cm H2O) was not significantly different from that of the sham injury + CM group (Figure 3B). LPP was significantly increased in the injury + high BDNF CCM group (51.1 ± 3.1 cm H20) compared to all the other groups (Figure 3B).
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FIGURE 3. Leak Point Pressure (LPP) and External Urethral Sphincter (EUS) Electromyograph (EMG). Example of LPP and EUS EMG data for Sham Injury + Control Media (CM), Injury (Pudendal Nerve Crush + Vaginal Distension) + CM, Injury + Brain-Derived Neurotrophic Factor Knockdown (BDNF KD) Concentrated Conditioned Media (CCM), Injury + Scrambled CCM, or Injury + High BDNF CCM (A). The vertical dashed lines show where 1-s EUS EMG segments were selected at baseline and peak pressure for analysis. Functional results from urinary function testing: LPP (B), EUS EMG Amplitude (C), and Firing Rate (D). Each bar represents the mean ± standard error of the mean of 12 animals per group. ANOVA followed by a Student-Newman-Keuls post-hoc test was used to indicate significant differences. *Indicates a statistically significant difference compared to Sham Injury + CM; ∧indicates a statistically significant difference compared to Injury + High BDNF CCM.



Although the EUS EMG amplitude increase with LPP was visibly decreased in the injury + CM and injury + BDNF KD CCM groups, there were no significant differences in EUS EMG amplitude and firing rate between any of the groups: sham injury + CM (16.4 ± 2.6 μV; 348.2 ± 31.8 Hz.), injury + CM (9.4 ± 1.3 μV; 363.3 ± 53.1 Hz), injury + BDNF KD CCM (8.7 ± 2.5 μV; 328.1 ± 74.5 Hz), injury + scrambled CCM (14.7 ± 5.4 μV; 312.3 ± 84.5 Hz.), or injury + high BDNF CCM (13.4 ± 1.9 μV; 312.9 ± 42.9 Hz, Figures 3C,D).

Examples of pudendal sensory nerve functional testing showed visibly decreased activity in the injury + CM and injury + BDNF KD CCM groups compared to the sham injury + CM group (Figure 4A). Sensory nerve amplitude increased with clitoral brushing was significantly decreased in the injury + CM (0.3 ± 0.1 μV), injury + BDNF KD CCM (0.6 ± 0.1 μV), injury + scrambled (0.5 ± 0.1 μV), and injury + high BDNF CCM groups (0.6 ± 0.1 μV), compared to the sham injury + CM group (1.0 ± 0.1 μV, Figure 4B). In contrast, the sensory nerve firing rate difference was only significantly decreased in the injury + CM group (399.4 ± 100.4 Hz.) compared to the sham injury + CM group (977.4 ± 92.5 Hz, Figure 4C).
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FIGURE 4. Pudendal nerve sensory branch results. Examples of sensory nerve recording from each group: Sham Injury + Control Media (CM), Injury (Pudendal Nerve Crush + Vaginal Distension) + CM, Injury + Brain-Derived Neurotrophic Factor Knockdown (BDNF KD) Concentrated Conditioned Media (CCM), Injury + Scrambled CCM, or Injury + High BDNF CCM (A).The vertical dashed lines show where 1-s recording segments were selected at baseline and during brushing for analysis. Quantitative sensory nerve testing results of Amplitude (B) and Firing Rate (C). Each bar represents the mean ± standard error of the mean of 12 animals per group. ANOVA followed by a Student-Newman-Keuls post-hoc test was used to indicate significant differences. *Indicates a statistically significant difference compared to Sham Injury + CM.



Neuromuscular junction (NMJ) immunofluorescence from EUS specimens in the injury + CM group had fewer axons and non-compact NMJ than in the sham injury + CM group, which had compact NMJs with a single innervating axon (Figure 5). NMJs of the EUS in the injury + BDNF KD CCM group demonstrated more innervating axons than in the injury + CM group but nonetheless had non-compact NMJs. The Injury + scrambled CCM group had compact NMJs innervated by a single axon, and the injury + high BDNF CCM group showed compact NMJs innervated by a single axon with many branches (Figure 5).
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FIGURE 5. Examples of external urethral sphincter neuromuscular junction staining from each group: Sham Injury + Control Media (CM), Injury (Pudendal Nerve Crush + Vaginal Distension) + CM, Injury + Brain-Derived Neurotrophic Factor Knockdown (BDNF KD) Concentrated Conditioned Media (CCM), Injury + Scrambled CCM, or Injury + High BDNF CCM. Scale bar represents 20 μm. Green fluorescence shows axons (mouse anti-neurofilament 68 and 200), while red fluorescence indicates neuromuscular junctions (alpha-bungarotoxin stain), and blue indicates muscle (pholloid stain).



Immunofluorescence of sensory axons of the pudendal nerve in the injury + CM group had decreased axon density and organization, while the injury + BDNF KD CCM group demonstrated decreased axon density compared to the sham injury + CM group (Figure 6). In contrast, the injury + scrambled CCM and injury + high BDNF CCM groups had similar axon densities to the sham injury + CM group, demonstrating improved neuroregeneration compared to the other treated groups.
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FIGURE 6. Examples of pudendal nerve sensory branch immunostaining of axons from each group: Sham Injury + Control Media (CM), Injury (Pudendal Nerve Crush + Vaginal Distension) + CM, Injury + Brain-Derived Neurotrophic Factor Knockdown (BDNF KD) Concentrated Conditioned Media (CCM), Injury + Scrambled CCM, or Injury + High BDNF CCM. The white scale bar indicates 20 μm in both top and bottom rows.





DISCUSSION

SUI is a common condition that affects 50% of women over the age of 60 (Snooks et al., 1990; Augoulea et al., 2017). The primary risk factor for SUI is childbirth, during which the passage of the baby through the birth canal injures both the maternal PN and the muscle it innervates, the EUS, the muscle primarily responsible for maintenance of urinary continence (Snooks et al., 1986, 1990). This creates a combinatorial neuromuscular injury in which nerve regeneration is impaired due to decreased upregulation of BDNF by the denervated EUS muscle (Pan et al., 2009; Gill et al., 2013b). MSCs and their secretome, or CCM, have been shown to improve regeneration in animal models of this dual neuromuscular injury (Deng et al., 2015; Janssen et al., 2019). To determine if BDNF is the crucial factor responsible for improved functional recovery via CCM treatment, we hypothesized that BDNF is necessary to facilitate functional regeneration via secretome from MSCs.

MSCs transduced with a BDNF KD siRNA showed a reduction in BDNF concentration of 50% compared to scrambled CCM BDNF concentration. By selecting high BDNF MSCs to create CCM for comparison, we were able to generate a simple 3-point dose response relation in functional and anatomic outcomes to the dose of BDNF in CCM. The concentration of BDNF in these three different CCM preparations were all significantly different from each other. It is worth noting that lentivirus transduction did not impair the differentiation capabilities of these rat bone marrow derived MSCs.

The differences in LPP between sham injury and injury + CM groups are similar to previously reported values, validating the dual injury model in this study (Deng et al., 2015; Jiang et al., 2018). LPP of the injury + scrambled CCM group was not significantly different from that of the sham injury or injury + CM groups. These results are similar to results presented by Deng et al. (2015) and Janssen et al. (2019) using unmanipulated CCM from rat bone marrow derived MSCs, indicating that lentivirus transduction did not impair the regenerative properties of MSC CCM. Injury + BDNF KD CCM significantly decreased LPP compared to the sham injury and injury + high BDNF CCM groups, demonstrating that BDNF is important to regeneration of the neuromuscular continence mechanism. This is supported by the outcome of our study that LPP of injury + Scrambled CCM was not significantly different from that of sham injury + CM, while LPP of injury + BDNF KD CCM was significantly decreased compared to the sham injury + CM group. This result is similar to prior work with MSCs that over-expressed proteins for angiogenesis or MSC survival given in myocardial infarction models, which found that over-expression of these proteins improved angiogenesis and regeneration (Alfaro and Young, 2012).

LPP is a global measure of the continence mechanism with several other factors contributing to urethral resistance (Jiang et al., 2011). This explains why BDNF KD CCM treatment did not result in significant differences in LPP from scrambled CCM treatment since other factors, e.g., urethral smooth muscles, could compensate for impaired EUS function (Jiang et al., 2011). This result is comparable to a study in which the BDNF regenerative pathway was inhibited after PNC, in which LPP did not change significantly but PN motor branch recordings were significantly affected by BDNF inhibition (Balog et al., 2020).

In the current study, we demonstrated that a 50% decrease in BDNF levels of MSC CCM is sufficient to slow the recovery of the neuromuscular continence mechanism. A greater decrease in CCM BDNF levels may have produced a greater reduction in LPP. Nonetheless, this study demonstrated that decreased BDNF in CCM reduced LPP 3 weeks after the injury.

LPP was the primary outcome for the study, and the study was powered for significant differences in that outcome. As a result, too few animals were studied to power a significant difference in EUS EMG outcomes, due to greater variability in these secondary outcomes. These results are similar to the study by Deng et al., which did not show a significant difference in EUS EMG between sham injury and injury + CM (Deng et al., 2015).

We showed a significant difference in PN amplitude and firing rate increase with clitoral brushing between sham injury and injury + CM, validating the dual neuromuscular injury model (Deng et al., 2019). Additionally, CCM treated groups did not have a significantly decreased firing rate compared to sham injured animals, indicating that CCM treatment facilitated axonal regeneration at least partially. While BDNF is important to sensory nerve regeneration, it is essential to motor nerve regeneration, which could explain why no PN sensory branch amplitude differences were observed between the CCM treated groups, while differences were observed between groups in LPP (Geremia et al., 2007; Balog et al., 2020). A limitation of the study is that we did not test pudendal motor branch function. However, we did investigate anatomical reinnervation of EUS NMJs by pudendal motoneurons.

NMJ staining showed healthier NMJs in all CCM treated groups compared to the injury + CM group, similar to previous publications indicating that EUS regeneration was facilitated by factors in the CCM involved in muscle regeneration (Janssen et al., 2019). These results were expected since we did not knock down other CCM components in this experiment. It is likely that by accelerating the regeneration of the EUS, this muscle began producing BDNF to facilitate PN regeneration. Animals in the injury + scrambled CCM and injury + high BDNF CCM groups showed more innervated NMJs than the injury + BDNF KD CCM group, indicating that BDNF was important for reinnervation of NMJs. Additionally, BDNF is not the only neurotrophin present in CCM that could have facilitated the regeneration of nerves, explaining axons present in the BDNF KD CCM group (Crigler et al., 2006; Oskowitz et al., 2011). However, the BDNF KD CCM group demonstrated fewer axons in PN immunofluorescence, similar to the injury + CM group, which could explain the decrease observed in LPP of the injury + BDNF KD CCM group. Martins et al. showed a decrease in axonal elongation and growth rate in neuron cell culture given CCM depleted of BDNF (~25% decrease in BDNF concentration) compared to cells given normal CCM, supporting our finding that BDNF KD CCM treatment reduced axon density (Martins et al., 2017).

One limitation of this study includes not treating rats with exogenous BDNF to determine if the effects seen are due to the BDNF alone. Previous cell culture experiments treated with MSC equivalent BDNF concentration did not see the desired effect (Martins et al., 2017). The fact that MSC levels of BDNF are much lower than the needed amount of exogenous BDNF to induce fiber elongation suggests that BDNF was not solely responsible for fiber elongation (Martins et al., 2017). Additionally, we do not report proteomic analysis of the unmanipulated, BDNF KD, or scrambled CCM to determine if there were any other changes in the CCM due to the transduction or changes in BDNF levels. However, the MSC phenotype was not affected by transduction or the changes in BDNF levels, suggesting that changes, if any, were not substantial. Another limitation is that we did not test multiple time points after injury to determine the time course of recovery or study if the EUS would increase its BDNF secretion due to the injury and treatments. In addition, quantitative histology may have added to the study but was out of the scope of the project.

Nonetheless, this study supports the theory of SUI, that BDNF is an important factor in the recovery of the neuromuscular continence mechanism (Snooks et al., 1984, 1986; Swash, 1990; Gray, 2004). Gill et al. (2013a) showed that administration of BDNF accelerated LPP recovery, supporting the results of this study. Furthermore, BDNF has been shown to be important to PN recovery since inhibiting the BDNF regenerative pathway delays functional recovery of the PN motor branch, suggesting that the decreased BDNF could result in impaired PN motor branch regeneration (Balog et al., 2020). Electrical stimulation of the PN has been shown to accelerate recovery of the continence mechanism via a BDNF-mediated mechanism (Jiang et al., 2018; Balog et al., 2021). The results from this study with that of the studies mentioned above, support the hypothesis that upregulation of BDNF is key for recovery from a combinatorial neuromuscular injury, in childbirth and in other neuromuscular injures.



CONCLUSION

This study demonstrates that BDNF is an important contributor, but not the only factor in CCM that accelerates neuroregeneration and recovery from a dual muscle and nerve injury. Since the dose of BDNF in CCM is lower than that of exogenous BDNF, other factors in CCM also play an important role in injury repair and recovery from neuromuscular injuries. CCM may therefore provide a regenerative therapy after childbirth and other neuromuscular injuries.
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Segmental peripheral nerve injuries (PNI) are the most common cause of enduring nervous system dysfunction. The peripheral nervous system (PNS) has an extensive and highly branching organization. While much is known about the factors that affect regeneration through sharp bisections and linear ablations of peripheral nerves, very little has been investigated or documented about PNIs that ablate branch points. Such injuries present additional complexity compared to linear segmental defects. This study compared outcomes following ablation of a branch point with branched grafts, specifically examining how graft source and orientation of the branched graft contributed to regeneration. The model system was Lewis rats that underwent a 2.5 cm ablation that started in the sciatic nerve trunk and included the peroneal/tibial branch point. Rats received grafts that were rat sciatic autograft, inbred sciatic allograft, and inbred femoral allograft, each of which was a branched graft of 2.5 cm. Allografts were obtained from Lewis rats, which is an inbred strain. Both branches of the sciatic grafts were mixed motor and sensory while the femoral grafts were smaller in diameter than sciatic grafts and one branch of the femoral graft is sensory and the other motor. All branched grafts were sutured into the defect in two orientations dictated by which branch in the graft was sutured to the tibial vs peroneal stumps in recipients. Outcome measures include compound muscle action potentials (CMAPs) and CatWalk gait analysis throughout the recovery period, with toluidine blue for intrinsic nerve morphometry and retrograde labeling conducted at the 36-week experimental end point. Results indicate that graft source and orientation does play a significant role earlier in the regenerative process but by 36 weeks all groups showed very similar indications of regeneration across multiple outcomes.
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Introduction

Damage to the peripheral nervous system (PNS) is common, with hundreds of thousands of new peripheral nerve injuries (PNIs) occurring in the United States (PNI) each year (Liu et al., 2012; Catala and Kubis, 2013). The most common causes of PNIs are motor vehicle accidents or violent trauma (Pan et al., 2020). Recovery is often slow and incomplete for even simple lacerations (Wang et al., 2019). Outcomes are worse for injuries that ablate sections of the nerves (segmental ablations) and if the PNI is long distances from the innervation target tissues (Cinteza et al., 2015). Permanent disability is common.

One of the reasons that PNIs greater distances from innervation tissues have poorer outcomes is the increasing number of branch points likely to be distal to the injury; there are approximately 80 km of peripheral nerves throughout a human body in an extensively branching organization (Catala and Kubis, 2013). When regenerating axons reach a branch point, the leading axons can sample pathways and appear to initially regenerate randomly into either branch (Madison et al., 1996; Brushart et al., 1998; Witzel et al., 2005). This dilutes the regenerative effect due to pruning and functional irrelevance of motor neurons that misroute into sensory branches and increases the likelihood that axons do not regenerate to the same target tissue they innervated prior to injury (Brushart, 1993; Witzel et al., 2005). Plasticity of the central and peripheral nervous systems to compensate for innervation changes is considerable, but is not unlimited (Navarro, 2009).

Unlike linear segmental PNIs that have been extensively studied and addressed with a variety of highly compared techniques and technologies (i.e., autografts, acellular nerve allografts (ANAs), conduits/wraps etc.) (Jones et al., 2016; Safa and Buncke, 2016), very little has been documented for PNIs that ablate a branch point. The process of regeneration at branch points has primarily been investigated in the context of what occurs following segmental or sharp laceration PNIs proximal to branch points, primarily with the rodent femoral nerve model (Irintchev, 2011). The posterior division of the femoral nerve divides into a sensory saphenous branch and a motor branch that innervates the quadriceps muscle, making this a useful model because retrograde labeling can be used to quantify misrouting of regenerating axons (Irintchev, 2011).

Data from these proximal PNIs to the femoral revealed the process of preferential motor reinnervation; where motor neurons are more likely to regenerate into the motor branch and avoid the sensory branch (Brushart et al., 1998). Preferential motor reinnervation has been attributed to biological cues both within the motor branch as well as cues initiated when the first motor neurons to innervate a distal muscle trigger a process that attracts more slowly regenerating motor neurons down the same path (Brushart, 1988; Martini et al., 1992). This process reduces the number of motor neurons that regenerate into the sensory branch in the femoral nerve after injury (Madison et al., 2007). It has been recently observed that sensory axons inhibit extension of motor neuron axons in 3-dimensional organotypic cultures in vitro (Brushart et al., 2020). If this effect is confirmed in vivo, it would further support that regeneration of motor neurons at sensorimotor branch points, such as the posterior femoral nerve, is dependent upon both positive and negative cues.

Despite these seminal studies showing the importance of pathfinding of regenerating axons at branch points and the known branching complexity of the PNS, studies on ablated branch points are lacking. Anatomically, ablated branch points present additional complexity simply because there is an increased number of nerve stumps to surgically manage. The lack of comparatively validated methods to manage ablated branch points creates additional uncertainty in the clinical management of these injuries. For example, the attempting to direct regeneration across a branched ablation creates the risk to misdirect a disproportionate number of axons into any of the distal branches. This would potentially leave other branches with too few regenerating axons to mediate function. Disproportionate axonal regeneration at branch points is also a possibility for PNIs to linear segments proximal to branch points, but this would not be a controllable variable in such cases.

We have previously investigated branched ablation PNIs from the perspective that a live nerve graft that matches the anatomy of the defect site would likely be a successful bridging material. Because autografts would not be commonly available for ablated branch points, we investigated the use of live (not decellularized) allografts and developed methods of localized immune suppression to avoid the need for systemic immune suppression (Santos Roballo et al., 2019). Immunosuppression is necessary with mismatched donors and recipients to prevent rejection of the nerve allografts (Siemionow and Sonmez, 2007; Roballo et al., 2022). The model in these previous studies was a 2.0 branched ablation of the sciatic nerve in Lewis rats that included the peroneal/tibial branch point. This defect that bridged with live allografts obtained from major histocompatibility mismatched Sprague Dawley donors (Hurt et al., 2004). 2.0 cm branched autografts, consisting of the same segment cut out and re-sutured into the defect in Lewis rats, were conducted as a control group. Data indicated robust regeneration occurred for autografts and allografts with localized immune suppression into both the tibial and peroneal branches.

Successful regeneration down both branches in this branched ablation PNI model allows for the investigation of more fundamental concepts explored in this report. Specifically, experiments sought to determine how graft source and orientation would affect the regenerative process after a branched ablation PNI of the sciatic nerve. The experimental model is a 2.5 cm ablation of the sciatic nerve that included the tibial and peroneal branch point in rats. A 2.5 cm sciatic or femoral branched graft was sutured into the defect in two orientations; one where the tibial and motor branches of the sciatic and femoral grafts, respectively, were sutured to the tibial stump in the defect and the peroneal and saphenous branches of the grafts, respectively, sutured to the peroneal stump. The other was a switched orientation where the tibial and motor branches of the sciatic and femoral grafts were respectively sutured to the peroneal stumps and the peroneal and saphenous branches sutured to the tibial stumps. Experiments were conducted with inbred Lewis donors and recipient rats to avoid the need for immune suppression and this potential source of variability (Avramut and Achim, 2003).

Experiments were carried out to 36 weeks and outcome measures included compound muscle action potentials (CMAPs) to distal muscle innervation targets of the tibial and peroneal nerves, CatWalk gait analysis, nerve morphometry from toluidine blue sections of each graft branch and retrograde labeling. Results indicated that the graft source and orientation initially caused some significant differences in CMAPs and CatWalk but that these differences became less evident by the study end point of 36 weeks. Nerve morphometry suggested axon regeneration was robust down both branched with all grafts, with some differences and trends according to graft type and orientation. Retrograde labeling showed that motor axons were more abundant than sensory axons in all groups but switching the orientation of the branches increased the number of sensory axons in the distal peroneal branch compared to the distal tibial branch. Together, this data suggests that regeneration following branched ablation PNI of the sciatic nerve can be reliably achieved with grafts that differ in their size and sensorimotor complexity.



Materials and methods


Animal acquisition and care

Animals for this study were acquired, cared for, and used in accordance with the NIH Guide for the Care and Use of Laboratory Animals under protocols approved by the University of Wyoming IACUC. Rats were housed at ambient temperature with stable humidity on a 12-h day-night cycle and free access to food and water. Lewis and Sprague-Dawley (SD) rats were obtained from Charles River Laboratories, Wilmington, MA, USA. Animals were housed individually from the beginning of CatWalk training. A total of 39 Lewis rats were randomly assigned to one of six surgical groups (n = 6) or an uninjured control group (n = 3). One rat in the sciatic autograft group developed an ovarian tumor that hindered its ability to walk and was sacrificed at 28 weeks post operatively (PO). Data for this rat was removed from analysis, leaving the Lewis sciatic autograft group with n = 5 animals. A total of 12 SD rats were randomly assigned to the sciatic autograft group (n = 6) or the sciatic allograft group (n = 6). Two rats from the SD sciatic allograft group had unrepairable autophagy and were sacrificed 1 week PO. Data for these rats was removed from analysis leaving the SD sciatic allograft group with n = 4 animals.



Harvest and storage of allografts

Male Lewis rats were used as donors to obtain inbred allografts in Lewis-to-Lewis. Male Sprague Dawley rats were used as donors in the outbred Sprague Dawley to Sprague Dawley experiments. Rats were sacrificed by isoflurane overdose followed by cervical dislocation. After euthanasia, both the right and left sciatic and femoral nerves were harvested, carefully stripped of connective tissue, and stored in 1× PBS on ice for between 1 and 5 h prior to implantation.



Surgical procedure and post-operative care

Surgery and post-operative care was as previously described (Santos Roballo et al., 2019). Briefly, female Lewis rats weighing an average of 219 ± 13 g were anesthetized with 2% inhaled isoflurane, their left hind limb shaved, and the incision site sterilized with 3× wipes with betadine (VWR, BDH7207-4) and 100% isopropyl alcohol (Sam’s West, 645081). Vaseline was placed over the eyes to prevent drying, and rats were administered 2 mg/kg bupivacaine (VetOne, 510212) subcutaneously at the incision site and 5 mg/kg Baytril (Bayer, 84744158) and 0.03 mg/kg buprenorphine (PAR pharmaceuticals, 42023-179-05) subcutaneously in the opposite hind limb. Rats were placed on a 38°C circulating water temperature-controlled surface, with toe pinch used to confirm sufficient anesthesia, and the surgical site draped with sterile pads. Using sterile no-touch technique, a ∼3 cm incision was made to the skin above the femur and the fascia between the gluteus superficialis and biceps femoris were gently separated to expose the sciatic nerve. A 2.5 cm section of the sciatic nerve was removed beginning ∼1 mm distal to the external obturator tendon and extending distally, which was 1 cm or more past the peroneal-tibial branch point. Grafts were trimmed to 2.5 cm and implanted with 9-0 sutures (esutures, AA-2628). Musculature and skin were closed with 6-0 sutures (esutures, A697N) and animals were allowed to recover on the heated surface before being placed into individual cages. Experiments with Sprague Dawley rats used the same procedure, but had 2.0 cm defects and grafts implanted instead of 2.5 cm.

For post-operative care, rats received 0.03 mg/kg buprenorphine twice daily subcutaneously for 3 days after surgery and one dose of 5 mg/kg Baytril subcutaneously for 7 days after surgery. Animals were monitored at least twice per day for signs of distress or autophagy for the first 7 days and at least once per day thereafter. Six of the recipient Lewis rats were found to have disrupted the sutures in their skin within 4 days of surgery but without any tissue autophagy or autotomy. After resuturing when required, these rats were fitted with Elizabethan collars (Kent Scientific, EC404VS) until 10 days after surgery and remained in the study.



Gait analysis

The Noldus Catwalk XT system was used to evaluate behavioral recovery following sciatic nerve injury as we previously described (Osimanjiang et al., 2022). Briefly, animals were placed on one end of an open-ended tunnel with overhead red-light illumination and green light walkway illumination (0.12 intensity). Animals were acclimated and conditioned to the system for four weeks prior to surgery. Baseline data was collected when animals voluntarily ran three times across the platform in compliance with the set parameters, 60% or less speed variation and less than 15 s duration, while a camera fixed at 42 cm below the platform recorded foot placement. Lewis rats ran the CatWalk for data collection every two weeks for 36 weeks with each animal requiring a minimum of three compliant runs per trial. Data was auto classified by the CatWalk software and a follow-up performed by individuals blinded to experimental groups to correct any misidentified steps. The cadence in steps/second, max contact mean intensity, and right front (RF)/Left Hind (LH) coupling were calculated using the CatWalk software after classification was complete. Additionally, toe spread, print length, and intermediate toe spread were also manually measured according to previously published protocols for all left hind feet to allow for the CatWalk software to calculate sciatic functional index (SFI) (De Medinaceli et al., 1984; Bozkurt et al., 2011; Isvoranu et al., 2021).



Electrophysiology

Recovery down each sciatic nerve branch was assessed with electrophysiological recordings from needle electrodes in the foot muscles innervated by the tibial and peroneal branches as previously described (Werdin et al., 2009; Roballo and Bushman, 2019; Santos Roballo et al., 2019). Using the Viking NCS EMG EP IOM System, Compound Muscle Action Potentials (CMAPs) were collected using five electrodes (Natus, 019-476600): ground, reference, recording, and an anode/cathode pair for stimulating the muscle. Placement of the ground and reference electrodes were subcutaneously placed on the lateral side of the 5th metatarsal running dorsal through the heal, and on the lateral side of the 5th metatarsal running to the anterior, respectively. Subcutaneously the recording electrode was inserted on the dorsal foot muscle between the 2nd and 3rd metatarsals for peroneal branch stimulation and on the plantar muscle between the 2nd and 3rd metatarsal for stimulation of the tibial branch. Stimulation using the anode/cathode pair was done percutaneously at the ankle in the space between the tibia and calcaneal tendon. The top three highest amplitudes and top three lowest latencies were averaged and used for analysis at each time point for each animal. CMAPs recordings were taken prior to surgery and every 4 weeks post operatively (PO) for the duration of the 36-week study.



Retrograde labeling

Two days prior to euthanasia, animals were anesthetized with 2% isoflurane, the nerve exposed, and microinjection syringes fitted with Nanofil 36 G needles (World Precision Instruments, NF36BV-2) inserted under the epineurium. Cholera Toxin subunit B (CTb) was slowly injected into each branch. The tibial branch was injected with 4 μl CTb conjugated with Alexa Fluor 488 (ThermoFisher, C22841) diluted 1:100 in 1× PBS (ThermoFisher, 14190235) and the peroneal branch was injected with 2–3 μl CTb conjugated with Alexa Fluor 555 (ThermoFisher, C22843) diluted 1:100 in 1× PBS. Needles were left inserted into nerves for 60 s following injection. The muscle and skin were then sutured using 6-0 sutures, and the animals were allowed to recover on the heated pad. Animals were also administered 0.03 mg/kg buprenorphine twice daily until sacrifice.



Euthanasia and tissue collection

At the end point, animals were euthanized via perfusion with 4% paraformaldehyde (PFA) in 1× PBS (Cat. No. 14200075, Life Technologies). Briefly, animals were anesthetized via isoflurane, the chest cavity opened, and animals were intracardially perfused with 40 ml 0.9% saline (Intermountain life sciences, Z1377) followed by 25 ml of 4% PFA. After perfusion, the left sciatic nerve and the right and left gastrocnemius and tibialis anterior muscles were removed, weighed, and stored in 4% PFA. The spinal cord from T12 to L6 was removed and stored in 4% PFA for retrograde analysis.



Toluidine blue staining

2 mm of the distal most portions of the branches in the grafts were cut via scalpel for toluidine blue staining. Toluidine blue staining was performed for each branch according to the previously described protocol (Ghnenis et al., 2018). Each distal graft branch was put in 2% osmium tetroxide (Sigma-Aldrich, 75632) diluted 1:1 in Trump’s fixative for 2 h. Nerve segments were then removed and placed in 1× PBS for 10 min to wash remaining osmium and Trump’s. Nerve sections then underwent dehydration using 30, 60, 90, and 100% acetone while the epoxy embedding medium (Sigma-Aldrich, 45359) was prepared. After the dehydration process, the nerves were acclimated to the epoxy using a 1:1 100% acetone:epoxy mixture for 30 min followed by a 1:2 100% acetone:epoxy mixture for another 30 min. Segments were then placed in molds (VWR, cat. no. 103302-482) and submerged in epoxy in a 60 oC oven overnight. Once polymerized an ultramicrotome fitted with a glass knife was used to cut the nerve into semithin sections before they were placed on glass slides. 1% toluidine blue (ThermoFisher, 348601000) was prepared and used to stain the sections for 30 seconds before washing. Slides were then cover slipped and prepared for imaging.



Cryosectioning

Spinal cords were removed from 4% PFA and stored in 30% sucrose solution in PBS (ThermoFisher, J65148.A1) overnight. Spinal cords were cut into smaller sections to allow for cross sectional cutting. Samples from between L3-L5, where the sciatic nerve enters the spinal cord, were embedded in Tissue-Tek® O.C.T. Compound, Sakura® Finetek (VWR, cat. no. 25608–930) and frozen at −20°C. 20 μm thick sections were cut on a cryostat and placed on Superfrost glass slides (VWR, 48311-703). Slides were then cover slipped using Fluoroshield (Sigma-Aldrich, cat. no. F6182-20ML) and allowed to dry at 4°C overnight.



Imaging and counting

Toluidine blue stained sciatic nerves were imaged using a Zeiss Axio Scan Z.1 which allowed for brightfield images of whole nerves (10× magnification), used for total nerve axon counts and axonal density, and high magnification images (60× magnification), required for axon diameter and G-ratio calculation. Qupath software was used to obtain total nerve axon counts and axonal density and ImageJ was used to obtain average axonal diameter and G-ratio measurements as described (Bankhead et al., 2017; Roballo and Bushman, 2019). Total axon counts were taken by manually marking each identifiable axon. Axonal density was obtained by manually counting each identifiable axon in a 20,000 μm2 section of the nerve. Average axonal diameter was obtained by measuring the inner, unmyelinated, x and y diameter of a randomly selected subset of axons. G-ratio was calculated by dividing the axon diameter by the diameter of the axon plus the myelin sheath of a randomly selected subset of axons.

A Zeiss 980 inverted confocal microscope was used to obtain fluorescent images of retrograde labeled spinal cords. Whole spinal cord images were obtained at 10× using the tile function of the microscope. Higher magnification (20×) images were also acquired in the ventral and dorsal horns. Qupath software was used to manually count all labeled neurons in the ventral and dorsal horns of the spinal cords. Labeled neurons were only counted if they were contained in the dorsal or ventral horn. The dorsal and ventral sides of the spinal cord were identified by locating the median fissure and anterior spinal artery as landmarks (Watson et al., 2009; Toossi et al., 2021). Dorsal and ventral horns were separated by identifying the lateral spinal nucleus and drawing lines slightly ventral to that point at approximately the division of the 5 and 6 laminae, according to Watson et al. (2009). Only clearly identifiable neurons outlined in stain were counted (Toossi et al., 2021). The number of dorsal horn labeled neurons were then divided by the number of ventral horn labeled neurons to obtain a ratio of dorsal horn (sensory) neurons to ventral horn (motor) neurons.



Statistical analysis

Rats were randomly sorted into experimental groups. Experimenters assessing sensorimotor and histological outcomes were blinded to the experimental groups during data collection. IBM SPSS software was used to run all statistical analysis. One-way repeated measures ANOVA with Tukey post-hoc analysis was performed for all Catwalk and CMAPs data. Two-way ANOVAs with Tukey post-hoc analysis were performed for all toluidine blue data. A Wilcoxon signed rank test was used to compare tibial and peroneal retrograde labeling data. Paired T tests were used to compare muscle wet weights in the left gastrocnemius group to the right gastrocnemius group and the left tibialis anterior to the right tibialis anterior group.




Results


Study design

This study was designed to determine how graft source and orientation influenced regeneration in a branched ablation PNI. 2.5 cm defects of the rat sciatic nerve were created that included the peroneal-tibial bifurcation. The sciatic nerve is a useful model as a result of its mixed sensory and motor nerve morphology in the trunk as well as the peroneal and tibial branches (Irintchev, 2011). For surgical groups, the 2.5 cm defect was bridged with sciatic autografts, inbred sciatic allografts (Figure 1A), or inbred femoral allografts (Figure 1B). Each graft type was tested in two orientations; an original orientation where the tibial and motor branches of sciatic and femoral grafts were sutured to the tibial stump and the peroneal and saphenous were sutured to the peroneal stump; or a switched orientation where the peroneal and saphenous branches in the sciatic and femoral grafts, respectively, were sutured to the tibial stump and the tibial and motor branches of the grafts were sutured to the peroneal stump (Figure 1C). The femoral nerve graft is useful to explore what effect the distinct sensorimotor branch point in this graft would have on regeneration where both the distal branches are mixed (Irintchev, 2011). Both host and donor animals were inbred Lewis rats to minimize immunogenicity as no immunosuppressive treatment was administered.
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FIGURE 1
Schematic representation of the surgical groupings and graft types. (A) 2.5 cm sciatic nerve graft with peroneal and tibial branches. (B) 2.5 cm femoral nerve graft with saphenous and motor branches. (C) Schematic representation showing the orientation of the grafts. Original sciatic nerve orientation with the peroneal branch of the graft sutured to the distal peroneal site and the tibial branch of the graft sutured to the distal tibial site. The sciatic switch groups with the opposite, with the peroneal branch of the graft sutured to the distal tibial site and the tibial branch of the graft sutured to the distal peroneal site. Inbred sciatic allografts depicting the same orientations as shown for sciatic autografts. Inbred femoral allografts in the original orientation with the motor branch of the graft sutured to the distal tibial site and the saphenous branch of the graft sutured to the distal peroneal site. In the switched orientation, the motor branch of the graft was sutured to the distal peroneal site and the saphenous branch of the graft was sutured to the distal tibial site.


At the initiation of the study, rats underwent 4 weeks of CatWalk acclimatization and training followed by sciatic nerve surgery with functional and behavioral assessments every 2- or 4-weeks PO (Figure 2). All animals started to show CMAPs and Catwalk recovery by 13 weeks PO. At the study endpoint of 36 weeks, retrograde labeling was performed, muscle wet weight was measured, and nerve cross sections were stained with toluidine blue and analyzed for morphometry of each branch within the graft (Figure 2). Due to the quantity of data gathered, results are shown comparing each graft type by orientation to facilitate analysis and interpretation. Comparisons of the same outcome measures between all groups were also made and can be seen in Supplementary Figures 2–4. Data indicated in the tibial branch represents measures on the branch connected to the tibial stump irrespective of whether the nerve branch within the graft was tibial or peroneal of the sciatic branched grafts or saphenous or motor of the femoral branched grafts. Visa versa for data for the peroneal branch.
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FIGURE 2
Experimental timeline. Surgery was performed at week 0 with preoperative training and baseline recordings labeled with negative numbers and all postoperative timepoints labeled with positive numbers. CW, Catwalk; CMAPs, compound muscle action potentials. n = 5 for sciatic autograft group, n = 6 for sciatic autograft, inbred sciatic allografts, and inbred femoral allografts groups.




Regeneration by orientation of sciatic autografts

The tibial and peroneal nerves are of significantly different sizes (Figure 1A) and switching the orientation of these branches causes incongruity of graft diameter during surgical coaptation. As graft diameter and autograft harvesting are common surgical considerations in treatment of segmental nerve injuries, experiments sought to determine if graft orientation (i.e., switching the branches) affected outcomes in the 2.5 cm branched ablation model.

Compound muscle action potential data showed that amplitudes increased in the peroneal branch of the sciatic nerve in the switched orientation (2.03 ± 0.314 mV, 2.03 ± 0.206 mV) at many time points, significantly so at 16- and 28- weeks PO (p = 0.03, p = 0.004), respectively (Figure 3A). Latencies for the peroneal branch were also decreased in the autograft switch group (1.19 ± 0.072 ms, 1.26 ± 0.0879 ms, 1.32 ± 0.0891 ms) at many time points, significantly at 20-, 24- and 28-weeks PO, respectively (p = 0.011, p = 0.024, p ≤ 0.001) (Figure 3B). Peroneal CMAP amplitudes suggest that the number of reinnervating fibers to distal musculature was improved at early timpoint when the orientation of the graft was switched compared to the non-switched orientation. Decreased peroneal latency in the switched orientation suggests a more rapid conduction speed at these time points, closer to the conduction speed at baseline. Conversely, CMAP amplitudes and latencies for the tibial branch were equivalent at all time points in the autograft group compared to the switched orientation (Figures 3C,D).
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FIGURE 3
Compound muscle action potentials (CMAP) and gait analysis of the sciatic autograft and sciatic autograft switch groups. (A) Amplitude recordings of the peroneal branch of the sciatic nerve. (B) Latency recordings of the peroneal branch of the sciatic nerve. (C) Amplitudes recorded from the tibial branch of the sciatic nerve. (D) Latencies of the tibial branch of the sciatic nerve. *p < 0.05, **p < 0.01, ***p < 0.001 by repeated measures ANOVA with Tukey post-hoc test. (E) Cadence in steps per second as calculated by the CatWalk software. (F) RF-LH coupling showing the percentage of time the left hind (LH) paw preceded the right front (RF) paw in the step cycle. (G) Measure of the maximum intensity at the point of maximum contact for the left hind paw/right hind paw*100. (H) Sciatic functional index (SFI) recordings as calculated by the CatWalk software. n = 5 for sciatic autograft, n = 6 for sciatic autograft switch, *p < 0.05, **p < 0.01 by repeated measures ANOVA with Tukey post-hoc test. Error bars are standard error of the mean (SEM).


CatWalk was performed to assess functional reinnervation as well as behavioral recovery of gait following injury. Catwalk recordings in the sciatic autograft group showed significantly less disruption to their cadence at 12- and 36-weeks PO (9.84 ± 0.60 steps/s, 9.3 ± 1.13 steps/s) compared to the sciatic autograft switch group at these same time points (6.3 ± 0.46 steps/s, 6.3 ± 0.96 steps/s) (p ≤ 0.001, p = 0.015), indicating injury accommodations were initially made for the sciatic autograft group to maintain a high cadence (Figure 3E). Right front-left hind (RF-LH) coupling is an indication of inter-paw coordination and in uninjured rats for this study, the LH was placed first, and stayed placed 20% longer during a step sequence, than the RF (Figure 3F). Changes in the RF-LH coupling pattern indicate a disruption to inter-paw coordination that can be caused by a reduction in the number of steps from the LH or that LH is on the platform for a longer portion of the step sequence. Increased RF-LH coupling can be seen in both the sciatic autograft and sciatic autograft switch group 4 weeks PO. By 8 weeks PO the sciatic autograft switch group reduced their RF-LH coupling compared to the sciatic autograft group, which increased their RF-LH coupling further. Both groups steadily reduced their RF-LH coupling following 8 weeks PO indicating steady recovery of inter-paw coordination. Max contact mean intensity is presented as a measure of LH/RH*100 and is a measure of the amount of weight borne on the LH foot relative to an intact (RH) control. The sciatic autograft group had significantly less weight borne on the LH compared to the sciatic autograft switch group at all timepoints after injury, although the difference was only significant at 12 weeks PO (76 ± 4, 95.1 ± 4.01, p = 0.001), correlating with the cadence results (Figure 3G). This reduction in weight borne on the LH is one of the accommodations made by the sciatic autograft rats to allow for cadence to remain relatively unchanged. Sciatic functional index (SFI) assesses the functional recovery of the sciatic nerve and its contribution to overall gait (Bozkurt et al., 2008). The sciatic autograft and sciatic autograft switch groups had the same functional SFI recovery despite any gait accommodations made by each group (Figure 3H).

Retrograde labeling was performed to identify any changes in sensory and motor reinnervation through the grafts. Sectioning of the spinal cord showed the distribution of labeled neuronal soma from the peroneal (magenta) and tibial (green) labels (Figure 4A). Localization of sensory (dorsal horn) and motor (ventral) neurons were determined by their location in relation to the median fissure and anterior spinal artery as described previously (Watson et al., 2009; Toossi et al., 2021) (Figure 4A, merged). As expected of mixed sensory and motor nerves, images show an abundance of both magenta and green label in the dorsal and ventral horns for both groups (Figure 4A). A large portion of labeled neurons can be seen in the ventral horn, indicating a majority of tagged neurons were motor neurons. Quantification of the ratio of sensory to motor neurons showed no significant differences between branches or compared to uninjured controls, where the ratio of motor/sensory in both branches was approximately 0.2 (Figure 4B).
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FIGURE 4
Sciatic autograft and sciatic autograft switch retrograde labeling and nerve morphometry. (A) Retrograde labeled spinal cords showing peroneal (magenta) and tibial (green) branch labeling. The dorsal and ventral horns are outlined in the merged image for the sciatic autograft group. Box in the merged image of the sciatic autograft switch column shows a 20× magnification, scale bar is 20 μm. Arrows indicate labeled neurons. Scale bars are 500 μm. (B) Ratio of sensory/motor neurons counted from the peroneal (magenta) and tibial (green) nerves. (C) Cross section images of the peroneal and tibial nerves taken at 10×. Scale bars are 200 μm. (D) 40× images of the toluidine blue stained sections from within the grafts; labeling of images is based on connection of the branch in the graft to the hosts peroneal or tibial distal nerve stump. Scale bars are 20 μm. (E) Total cross sectional nerve area taken for the tibial and peroneal branches. (F) Total number of axons. (G) Axonal density. (H) G-ratio. (I) Average inner x and y plane axon diameter. n = 5 for sciatic autograft, n = 6 for sciatic autograft switch, *p < 0.05, **p,0.01, ***p < 0.001 by two-way ANOVA with Tukey post-hoc test. Error bars are SEM.


Morphological analysis of the nerve size, total axon counts, axonal appearance, and axonal density were performed on toluidine-blue semithin cross sections. Sections were taken within each branch of the graft and the notation in the figures signifies what distal nerve structure the branch in graft was sutured to (i.e., peroneal switch is within the tibial branch of the graft that is connected to the peroneal stump). Figures 4C,D show representative low and high magnification images of the nerve and axons. Nerve area of the tibial branch of uninjured animals was significantly larger than the peroneal branch (2.9 × 105 ± 1.1 × 104 μm2 vs. 1.3 × 105 ± 7.2 × 103 μm2, p = 0.005) which is to be expected based on the visibly noticeable size difference of the tibial and peroneal branches seen in Figure 1A (Figure 4E). This significant difference was not preserved in the branches of the sciatic autograft and sciatic autograft switch groups, but there was a trend for larger nerve area within the tibial portions of grafts irrespective of if the tibial portion of the graft was sutured to the tibial or peroneal nerve. No significant differences were observed for total number of axons and axon density (Figures 4F,G). While not significantly different, the sciatic autograft switch group had a larger nerve area, total number of axons, and axonal density in the peroneal branch than the uninjured or sciatic autograft groups. Considering that the distal peroneal branch was connected to the tibial branch of the graft, where the sample was taken from, it is notable that this was not significant. The G-ratio of the sciatic autograft switch tibial branch (0.627 ± 0.014) was found to be significantly higher than the uninjured tibial branches (0.533 ± 0.021, p = 0.007) (Figure 4H). Both tibial and peroneal branches in the uninjured control had significantly larger average axon diameters than both sciatic autograft groups (p ≤ 0.001) (Figure 4I). These results indicate that even by 36 weeks PO, that autografts did not replicate the larger axon diameter of uninjured animals but did display G-ratios consistent with their smaller axon diameters.



Regeneration by orientation of inbred sciatic allografts

Evaluation of inbred sciatic allografts was included primarily as an intermediary to the inbred femoral allografts. Sciatic allografts from inbred Lewis rats allows for direct comparison to sciatic autografts to determine the extent that immunogenicity factored into this inbred model. Figures 5, 6 show CMAPs, CatWalk, retrograde labeling and nerve morphometry of the sciatic allograft, sciatic allograft switch and the sciatic autograft groups to facilitate comparison. Peroneal amplitudes and latencies both recovered at a steady state for the sciatic allograft and sciatic allograft switch groups (Figures 5A,B). Some significant differences in peroneal amplitudes were observed at week 12 where sciatic autograft (1.13 ± 0.19 mV, p = 0.028) and sciatic allograft (1.22 ± 0.517 mV, p = 0.003) were significantly greater than the sciatic allograft switch (0.80 ± 0.333 mV); at week 24 where sciatic allograft (2.71 ± 0.384 mV) was significantly greater than the sciatic autograft (1.83 ± 0.455 mV, p = 0.018) and sciatic allograft switch (1.66 ± 0.263 mV, p = 0.002); and at week 28 where the sciatic autograft (1.40 ± 0.173 mV) was significantly inferior to sciatic allograft (2.47 ± 0.262 mV, p ≤ 0.001) and sciatic allograft switch (2.42 ± 0.184 mV, p ≤ 0.001). Peroneal latencies in the sciatic allograft [1.57 ± 0.22 ms (p = 0.003), 1.47 ± 0.150 ms (p ≤ 0.001), 1.39 ± 0.104 ms (p = 0.014)] and sciatic allograft switch groups [2.68 ± 0.429 ms (p = 0.028), 1.52 ± 0.173 ms (p = 0.003), 1.29 ± 0.043 ms (p ≤ 0.001)] showed some differences from sciatic autograft (1.87 ± 0.06 ms, 2.03 ± 0.08 ms, 1.66 ± 0.044 ms) at 12-, 16-, and 28-weeks PO, respectively, but equalized by the last two time points (Figure 5B).
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FIGURE 5
Compound muscle action potential (CMAP) and gait analysis of inbred Lewis to Lewis sciatic allograft and sciatic allograft switch groups. Sciatic autograft is included for reference. (A) Amplitude recordings of the peroneal branch of the sciatic nerve. (B) Latency recordings of the peroneal branch of the sciatic nerve. (C) Amplitudes recorded from the tibial branch of the sciatic nerve. (D) Latencies of the tibial branch of the sciatic nerve. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Cadence in steps per second as calculated by the CatWalk software. (F) RF-LH coupling showing the percentage of time the left hind (LH) paw preceded the right front (RF) paw in the step cycle. (G) Measure of the maximum intensity at the point of maximum contact for the left hind paw/right hind paw*100. (H) Sciatic functional index (SFI) recordings as calculated by the CatWalk software. n = 5 for autograft group and n = 6 for inbred sciatic allografts in both orientations. *p < 0.05, **p < 0.01 between sciatic autograft and sciatic allograft, ###p < 0.001 between sciatic autograft and sciatic allograft switch, $p < 0.05, $$p < 0.01, $$$p < 0.001 between sciatic allograft and sciatic allograft switch. All statistical analysis were repeated measures ANOVA with Tukey post hoc test. Error bars are SEM.
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FIGURE 6
Inbred Lewis to Lewis sciatic allograft and sciatic allograft switch group retrograde labeling and nerve morphometry. Sciatic autograft is included for reference. (A) Retrograde labeled spinal cords showing peroneal (magenta) and tibial (green) branch labeling. Scale bars are 500 μm. (B) Ratio of sensory/motor neurons counted from the peroneal (magenta) and tibial (green) nerves. *p < 0.05 by Wilcoxon Signed Rank Test comparing tibial and peroneal ratios. (C) Cross section images of the peroneal and tibial nerves taken at 10×. Scale bars are 200 μm. (D) 40× images of the toluidine blue stained sections from within the grafts; labeling of images is based on connection of the branch in the graft to the hosts peroneal or tibial distal nerve stump. Scale bars are 20 μm. (E) Total cross sectional nerve area taken for the tibial and peroneal branches. (F) Total number of axons. (G) Axonal density. (H) G-ratio. (I) Average inner x and y plane axon diameter. n = 5 for sciatic autograft, n = 6 for sciatic allografts in both orientations, *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Tukey post-hoc test. Error bars are SEM.


Tibial amplitudes suggest inferior reinnervation in the sciatic autograft (1.69 ± 0.45 mV, 1.40 ± 0.173 mV) compared to sciatic allograft (2.57 ± 0.509 mV, p = 0.002) at 20 weeks PO and between the sciatic allograft (3.61 ± 0.295 mv, p ≤ 0.001) and sciatic allograft switch groups (3.57 ± 0.692 mV, p ≤ 0.001) at 28 weeks PO. The sciatic allograft group also had significantly higher tibial amplitudes than the sciatic allograft switch group (1.44 ± 0.382, p = 0.002) at 20 weeks PO before the switch group recovered to higher amplitudes at 24 weeks PO (Figure 5C). Tibial latencies similarly showed some significant differences at 28 weeks PO between the sciatic autograft group (1.66 ± 0.0439 ms) and sciatic allograft group (1.45 ± 0.062 ms, p = 0.007) (Figure 5D). Taken together, these results suggest that initially more reinnervation of distal muscle groups occurred for the sciatic allograft group before equalizing at later time points to the reinnervation seen in other groups.

CatWalk measurements of cadence and RF-LH coupling showed equivalent recovery between the sciatic autograft group and both sciatic allograft groups (Figures 5E,F). Max contact mean intensity was significantly higher 12 weeks PO in the sciatic allograft (96.2 ± 3.15, p ≤ 0.001) and sciatic allograft switch groups (96.5 ± 2.29, p ≤ 0.001) compared to the sciatic autograft group (76 ± 4) (Figure 5G). These patterns are similar to Figure 3 and show that gait accommodations to the injury were unique for the sciatic autograft group. There was no difference in SFI scores between sciatic autograft and allograft groups until 28- and 32-weeks PO when the sciatic allograft group (−81.7 ± 1.39, −81.1 ± 1.44) became significantly worse than the sciatic allograft switch group (−63.5 ± 5.77, p = 0.004; −68.7 ± 2.90, p = 0.015) and the sciatic autograft group (−68.5 ± 2.98, p = 0.02; −67.5 ± 3.22, p = 0.004) (Figure 5H). This correlates with the CMAPs data and indicates reinnervation plateaued around 28 weeks PO in the sciatic allograft group.

Retrograde labeling data indicates a retention in mixed nerve morphology in all groups with equivalent ratios of sensory to motor neurons in the uninjured, sciatic autograft and sciatic allograft switch group. However, the sciatic allograft group regenerated significantly more sensory neurons in the peroneal branch (0.75 ± 0.14) than in the tibial branch (0.38 ± 0.25, p = 0.034) indicating differences in axonal guidance down each branch (Figures 6A,B). This pattern was not retained in the switch surgery which could indicate a complexity in axonal guidance introduced by the switch surgery.

Representative nerve images for morphometry seen in Figure 6C show the general trend that the tibial branch was larger in the groups that were not switched, while the sciatic allograft group that was switched had a higher nerve area (sections from inside the tibial branch of the graft) in the peroneal branch, as expected (Figure 6E). The total number of axons was larger in the peroneal branch of the sciatic allograft switch group despite having similar axon density in both the peroneal and tibial branches suggesting that the increase nerve area seen in this nerve branch accounted for the increased number of axons when axonal density was calculated (Figure 6F). Representative higher magnification images in Figure 6D show the differences in nerve appearance across groups. G-ratio was significantly higher in the tibial branch of the sciatic allograft group (0.66 ± 0.013) compared to the uninjured (0.533 ± 0.021, p ≤ 0.001), sciatic autograft (0.56 ± 0.020, p ≤ 0.001), and sciatic allograft switch groups (0.59 ± 0.013, p ≤ 0.001) (Figure 6H). The average axonal diameter was also significantly higher in the tibial branch of the sciatic allograft group (4.97 ± 0.233 μm) compared to the autograft (4.07 ± 0.211 μm, p = 0.02) and allograft switch group (3.78 ± 0.217 μm, p ≤ 0.001), but not compared to the uninjured control (9.64 ± 0.28), which had significantly higher average axon diameter in both branches compared to all groups (p ≤ 0.001) (Figure 6I). The tibial branch of the sciatic allograft group showed the best regeneration across groups as indicated by a larger number of axons that had significantly more myelination and axon diameter than other groups.

These results with Lewis to Lewis inbred sciatic allografts, obtained without any immunosuppressive therapy, support that immunogenicity did not play a significantly deleterious role in regeneration in transplants between inbred Lewis rats. The results can be contrasted with our previous findings with nerve allografts from Sprague Dawley donors into Lewis recipients, where the lack of immune suppression significantly decreased regeneration without immune suppression (Santos Roballo et al., 2019). As a basis of comparison, we also conducted a pilot cohort of 2.0 cm branched sciatic autografts and sciatic allografts without any immune suppression, where donor and host animals were outbred Sprague Dawley rats. Significant differences were observed for peroneal and tibial CMAPs at 20 (p = 0.017, p ≤ 0.001) and 26 weeks (p = 0.008, p = 0.009) PO, respectively (Supplementary Figures 1A,B). The CMAPs results are corroborated by the total axons counts, which indicate that the total number of axons in the tibial branch (1.7 × 103 ± 196 axons) of the sciatic autograft was significantly larger than the tibial branch (1.1 × 103 ± 153 axons, p = 0.012) of the outbred sciatic allograft group (Supplementary Figures 1C,D). The G-ratio in the Sprague Dawley rats was identical across both branches of both groups (Supplementary Figure 1E). This data suggests that immunogenicity is a significant factor for allografting conducted with this outbred strain of Sprague Dawley rats compared to the inbred Lewis rats.



Regeneration with inbred femoral allografts

Preferential motor reinnervation has been partly attributed to intrinsic factors within the motor branch of the femoral nerve that guide regenerating motor axons into the motor branch (Morita et al., 2008). Femoral allografts were tested in both orientations to determine if this would affect regeneration into the tibial and peroneal branches of the sciatic nerve, which are both mixed sensory and motor (Irintchev, 2011). This was tested by transplanting femoral allografts in the Lewis to Lewis inbred model.

Femoral allografts showed a plateau in reinnervation by 28 weeks PO that can be seen in CMAPs. CMAPs recording of the peroneal branch show a significantly higher peroneal amplitude in the femoral allograft group (1.98 ± 0.297 mV) compared to the sciatic autograft (1.40 ± 0.173 mV, p = 0.009) at 28 weeks PO, but amplitudes in the femoral allograft group plateaued after this point (Figure 7A). Peroneal amplitudes in the femoral allograft switch group also plateaued after 28 weeks PO. Peroneal latency did not differ significantly between groups at any time point but taken with peroneal amplitude, also showed a peak in peroneal branch recovery at 28 weeks PO in the femoral allograft and femoral allograft switch group (Figure 7B). A similar pattern was seen in the tibial branch where tibial amplitude was found to be significantly higher in the sciatic autograft group (1.40 ± 0.173 mV) at 28 weeks PO in comparison to the femoral allograft group (2.96 ± 0.461 mV, p = 0.005) with both the femoral allograft and femoral allograft switch group plateauing after this time point (Figure 7C). Tibial latency in the sciatic autograft group was significantly larger in the sciatic autograft (2.15 ± 0.06 ms) compared to the femoral allograft switch group (1.62 ± 0.218 ms, p ≤ 0.001) at 12 weeks PO but there were no differences in any group at later time points (Figure 7D). This suggests a threshold of recovery was reached in the femoral allografts regardless of their orientation.
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FIGURE 7
Compound muscle action potential (CMAP) and gait analysis of inbred Lewis to Lewis femoral allograft and femoral allograft switch groups. Sciatic autograft is included for reference. (A) Amplitude recordings of the peroneal branch of the sciatic nerve. (B) Latency recordings of the peroneal branch of the sciatic nerve. (C) Amplitudes recorded from the tibial branch of the sciatic nerve. (D) Latencies of the tibial branch of the sciatic nerve. **p < 0.01, ***p < 0.001, N.D. indicates fewer than 3 rats responded. (E) Cadence in steps per second as calculated by the CatWalk software. (F) RF-LH coupling showing the percentage of time the left hind (LH) paw preceded the right front (RF) paw in the step pattern. (G) Measure of the maximum intensity at the point of maximum contact for the left hind paw/right hind paw*100. (H) Sciatic functional index (SFI) recordings as calculated by the CatWalk software. n = 5 for autograft group and n = 6 for inbred femoral allografts in both orientations. **p < 0.01, ***p < 0.001 between sciatic autograft and femoral allograft, ###p < 0.001 between sciatic autograft and femoral allograft switch, $p < 0.05, $$$p < 0.001 between femoral allograft and femoral allograft switch. All statistical analysis are a repeated measures ANOVA with Tukey post hoc test. Error bars are SEM.


The femoral allograft group showed divergent behavioral recovery at early time points. Cadence was significantly reduced in the femoral allograft group (7.3 ± 0.85 steps/s, p = 0.017) at 8 weeks PO compared to the femoral allograft switch group (9.6 ± 0.49 steps/s) (Figure 7E). This normalized to the sciatic autograft and femoral allograft switch groups by 16 weeks PO (Figure 7E). In addition to reduced cadence, the femoral group also had RF-LH coupling percentages that were lower than the other groups but not significantly so (Figure 7F). As the experiment progressed, the femoral allograft group regained a cadence that was in accordance with the other groups, but continued to show a reduced percentage of RF-LH coupling that was significantly lower (19.4 ± 4.13%) than the femoral allograft switch group (29.1 ± 2.95%, p = 0.037) at week 24 and was significantly lower (18.5 ± 2.22%) than the femoral allograft switch (29.4 ± 3.38%, p = 0.016) and sciatic autograft (28.1 ± 5.24%, p = 0.003) at 36 weeks PO.

Mean intensity recordings for the femoral allograft group (98.6 ± 3.58, p ≤ 0.001) and femoral allograft switch group (96.5 ± 2.65, p ≤ 0.001) were consistent across the duration of the study and were significantly higher than the sciatic autograft group (76 ± 4) 12 weeks PO (Figure 7G). This pattern is unique because it implies that the femoral allograft group were able to maintain their RF-LH coordination and relative weight borne on the LH, but this had to be compensated for by reducing their cadence. SFI measurements were also consistent across group for a large portion of the study, with the femoral allograft group (–81.2 ± 2.04) being significantly different from the sciatic autograft group (–65.4 ± 3.20, p = 0.004) only at week 24 before increasing to be in line with the sciatic autograft and femoral allograft switch group at 28 weeks PO (Figure 7H). CatWalk data support CMAPs data showing that functional reinnervation reached completion by 28 weeks in both femoral allograft groups. Additionally, the femoral allograft group made significant gait accommodations after injury that did not resolve as the study progressed.

While not significant, spinal cord images of the femoral allograft group show more sensory axons in the peroneal branch compared to the tibial branch, which is consistent with the pattern seen in the sciatic allograft group (Figure 8A). The femoral allograft switch group had equal ratios of sensory/motor neurons in the tibial and peroneal branch (Figure 8B). This data indicates that while reinnervation was largely mixed sensory and motor axons, there could be some indications that graft origin impacts axonal guidance in branched injuries if placed in a nerve of complementary size.
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FIGURE 8
Inbred Lewis to Lewis femoral allograft and femoral allograft switch group retrograde labeling and nerve morphometry. Sciatic autograft is included for reference. (A) Retrograde labeled spinal cords showing peroneal (magenta) and tibial (green) branch labeling. Scale bars 500 μm. (B) Ratio of sensory/motor neurons counted from the peroneal (magenta) and tibial (green) nerves. (C) Cross section images of the peroneal and tibial nerves taken at 10×. Scale bars are 200 μm. (D) 40× images of the toluidine blue stained sections from within the grafts; labeling of images is based on connection of the branch in the graft to the hosts peroneal or tibial distal nerve stump. Scale bars are 20 μm. (E) Total cross sectional nerve area taken for the tibial and peroneal branches. (F) Total number of axons. (G) Axonal density. (H) G-ratio. (I) Average inner x and y plane axon diameter. n = 5 for sciatic autograft, n = 6 for femoral allografts in both orientations, *p < 0.05, ***p < 0.001 by two-way ANOVA with Tukey post-hoc test. Error bars are SEM.


The difference in cross sectional area can be seen in the representative images in Figures 8C,D. The greatest differences in total cross sectional nerve area were between the tibial branch of the uninjured control and the femoral allograft switch group, where nerves were taken from the saphenous graft attached to the distal tibial branch (Figure 8E). While not significant, this pattern was also seen in the reduced number of axons in the femoral allograft switch group (844 ± 136 axons) compared to the uninjured control (1777 ± 326 axons) and indicates that the significantly smaller nerve area in the saphenous branch compared to the tibial branch cannot accommodate as many axons (Figure 8F). However, despite the total area and axonal count differences seen in the saphenous branch, there are not any differences in the axonal density between groups (Figure 8G). Myelin thickness was significantly greater in the tibial branch of the femoral allograft group (0.670 ± 0.013) compared to the sciatic autograft (0.560 ± 0.020, p = 0.001) and uninjured controls (0.533 ± 0.021, p ≤ 0.001). This is consistent with the results seen in the sciatic allograft tibial branch and indicates more robustly myelinated axons in grafts attached to the distal tibial stump regardless of the graft origin. G-ratio in the peroneal branch was significantly smaller in the femoral allograft switch group (0.6335 ± 0.012) compared to the sciatic autograft (0.620 ± 0.013, p = 0.022) and femoral allograft groups (0.542 ± 0.015, p = 0.01) indicating that it is not the motor branch of the femoral nerve that is responsible for greater myelination in grafts attached to the distal tibial branch (Figure 8H). As expected with no nerve injury, the uninjured control retained significantly greater average axon diameter in both branches compared to the experimental treatment groups while there were no differences between both of the femoral allograft or sciatic autograft groups (p ≤ 0.001) (Figure 8I).



Comparison across all groups

The same data presented in Figures 3–8 is shown for all groups by each outcome in Supplementary Figures 2–4 to facilitate direct comparison across all groups. CMAP data indicated that the femoral allograft group showed lower amplitudes than the sciatic allograft group at multiple time points across peroneal amplitude, peroneal latency, and tibial amplitude (Supplementary Figures 2A–C). The peroneal amplitude was larger in the sciatic allograft group compared to the femoral allograft group at all time points, significantly so at 16-, and 24-weeks PO (p = 0.002, and p = 0.001), respectively. The peroneal latency was initially significantly larger (p = 0.049) in the femoral allograft group compared to the sciatic allograft group before equalizing at 28 weeks PO. Tibial amplitude was less in the femoral allograft group compared to the sciatic allograft group at all time points, significantly so at 20 weeks PO (p ≤ 0.001). Tibial latency was larger in the femoral allograft group at multiple time points, but not significantly so. The significance found across the CMAPs recordings indicates a greater level of reinnervation in the sciatic allograft group in both the peroneal and tibial branches.

CMAP trends between switched orientations were also present at multiple time points. The peroneal amplitude in the sciatic autograft switch group was larger than the femoral allograft switch group at all time points, significantly so at 16- and 24-weeks PO (p ≤ 0.001, p ≤ 0.001) Peroneal latencies showed more fluctuation over time and were only smaller than femoral allograft switch groups from 20 to 28 weeks PO. Tibial amplitudes were larger in the autograft switch group at a majority of time points, significantly so at 16- and 24-weeks PO (p = 0.001, p = 0.021). Tibial latencies were less in the autograft switch group compared to the femoral allograft switch group at all later time points, significantly so at 28 weeks PO (p ≤ 0.001). These trends indicate greater recovery in the sciatic autograft switch group compared to the femoral allograft switch group. While recovery in the distal peroneal branch of the femoral allograft switch group was consistent across time points, peroneal latencies and tibial amplitude and latencies indicate poor reinnervation to the dorsal muscles of the feet. Recovery in the peroneal and tibial branch of the autograft switch showed greater indications of reinnervation to the dorsal muscles of the feet through larger magnitude amplitudes and smaller latencies.

Additionally, CMAPs taken from the sciatic allograft switch group had larger peroneal and tibial amplitudes at all time points compared to femoral allograft switch group, but only significantly so at 28 weeks PO (p ≤ 0.001) in the peroneal branch. Tibial and peroneal latencies were high at early time points in the sciatic allograft switch group before showing improvement and reducing to be equivalent to the femoral allograft switch group, which plateaued at week 16 in each branch. These results, taken in combination with the sciatic autograft switch group could indicate that an incongruous nerve alignment in congruent graft tissue allows for greater reinnervation of distal muscles compared to grafts that are not congruent with the original injury.

When comparing differences for CatWalk across all groups, cadence was the only measure that showed significant differences outside of what was previously discussed. Cadence was significantly larger in the sciatic allograft switch (8.35 ± 0.92 steps/s) compared to the sciatic autograft switch (6.27 ± 0.46 steps/s, p = 0.033) 12 weeks PO (Supplementary Figure 3A). The cadence in the femoral allograft switch (8.88 ± 0.64 steps/second, p = 0.017) and sciatic allograft switch groups (9.35 ± 0.93 steps/s, p = 0.005) were significantly higher than the autograft switch group (6.76 ± 0.70 steps/s) 24 weeks PO. The sciatic autograft switch group had a lower cadence at multiple time points compared to multiple groups, which could point to reduced functional motor reinnervation, and thus reduced movement ability, with the switched autograft nerves at early time points.

Significant comparisons can also be made between groups when looking at nerve morphometry, specifically axonal density. The peroneal branch in the sciatic autograft switch group (0.014 ± 0.003 axons/μm2) had a significantly higher axonal density than the femoral allograft switch group (0.012 ± 0.002 axons/μm2, p = 0.015) which is also seen represented in the higher peroneal amplitudes at week 36 in the sciatic autograft switch group (Supplementary Figure 4C). This correlates with the CMAPs data and suggests that a greater number of axons reinnervated the peroneal branch of the sciatic autograft switch group compared to the femoral allograft switch group. No other significant differences were found between groups.

In addition, the sciatic allograft switch group (0.643 ± 0.018, p = 0.001) had a significantly larger G-ratio in the peroneal branch compared to the femoral allograft switch group (0.542 ± 0.015) indicating a more robust recovery of myelination backed up by functional tests (Supplementary Figure 4D). G-ratio was also found to be significantly smaller in the tibial branch of the femoral allograft switch group (0.595 ± 0.013) compared to the sciatic allograft group (0.660 ± 0.013, p = 0.002) while the femoral allograft group (0.670 ± 0.013) G-ratio was significantly higher compared to the sciatic allograft switch group (0.574 ± 0.019, p = 0.012). This data indicated reduced myelination in switched nerve branches with smaller graft branches compared to larger original orientation branches. Average axonal diameter was significantly higher in the peroneal branch of the sciatic autograft switch group (4.37 ± 0.19 μm) compared to the sciatic allograft switch group (3.65 ± 0.23 μm, p = 0.018) which is also in line with CMAPs recordings which show more robust recovery with larger axons in autograft switch groups (Supplementary Figure 4E).

Muscle wet weight measurements compared between groups show no significant muscle loss in either the left gastrocnemius or left tibialis anterior muscles (Supplementary Figure 5). As expected, the right-side gastrocnemius and tibialis anterior were significantly larger than the left (injured) side for all groups showing muscle loss as a result of the injury. The amount of muscle lost was consistent with allografts done in previous reports, indicating there was motor reinnervation that occurred (Roballo and Bushman, 2019).




Discussion

Previous studies of PNIs have focused on regeneration following lacerations and linear segmental nerve defects, where there is relatively little known about regeneration of segmental nerve defects that ablate entire branch points. Regeneration following ablation of branch points presents a complex scenario for clinicians. The present study was designed to investigate how the orientation and source of branched nerve grafts affects outcomes following an ablation of the branch point where both distal branches are mixed motor and sensory. 2.5 cm ablations of the sciatic nerve in rats, that included the peroneal and tibial branch point (Figure 1A), were bridged with 2.5 cm branched sciatic nerve autografts, inbred sciatic nerve allografts, and inbred femoral nerve allografts. Each type of branched graft was tested in two orientations, with each branch sutured to the distal stump of either the peroneal or tibial nerve of the host animal (Figure 1B). Outcome measures included behavioral, functional, electrophysiological, immunohistochemical and morphometric measures out to 36 weeks.

The primary advancement from this study is that graft source and orientation did not have broad significant effects on outcomes in the long term and experimental end point of 36 weeks. CMAP amplitudes for both sciatic autograft groups were equivalent for both orientations measured from muscles within the foot innervated by the tibial and peroneal nerves (Figures 3A,C). This was also the case for sciatic and femoral allografts in each orientation (Figures 5A,C, 7A,C). CMAP amplitudes recovered to similar extents across all graft types and orientations (Supplementary Figures 2A,C). Nerve morphometry revealed no significant differences in numbers of total axons or axonal density within each branch in either orientation at 36 weeks (Supplementary Figures 4B,C). CatWalk behavioral assessments of max contact mean intensity and SFI, the main assessments used to determine functional recovery of the injury, were equivalent for graft type and orientation (Supplementary Figures 3C,D). There were end point differences in RF-LH coupling and cadence at 36 weeks. However, these are assessments of gait that can indicate injury accommodation based on coordination and speed and may not be direct indications of functional recovery compared to baseline (Deumens et al., 2007; Parkkinen et al., 2013). Therefore, this data collectively indicates that long-term indications of recovery for a 2.5 cm defect of the sciatic nerve that ablated the peroneal/tibial branch point did not show significant differences across multiple outcomes by 36 weeks PO if the defect was bridged with sciatic autograft, sciatic allograft, or femoral allograft in either orientation. This suggests that axon regeneration is robust through branched nerve grafts over the long-term provided that the grafts have matching branching anatomy, somewhat irrespective of how closely matched the diameters of the graft are to the injured nerves.

A secondary advancement of this study was that electrophysiological and behavioral outcome measures did show differences at earlier time points based on inbred graft source and orientation, despite that the differences had largely equalized by the study endpoint. It must be noted that this study’s end point of 36 weeks is longer than most other studies in rat sciatic nerve, typically ranging from 12 to 20 weeks (Deleonibus et al., 2021). CMAP amplitudes for sciatic autograft switch were significantly higher than the original orientation in the peroneal branch at 16 and 28 weeks, with similar (non-significant) trends at 24 weeks. Peroneal latencies were likewise improved in the switched orientation, indicating that regeneration to tissues innervated by the peroneal branch were enhanced when connected to the tibial branch of the graft (Figure 3D). In comparing all groups together, peroneal, and tibial CMAPs for sciatic autografts and allografts in either orientation were significantly superior to femoral allografts at several earlier time points (Supplementary Figure 2).

CatWalk parameters were also affected in all groups at early time points. The cadence was significantly higher for the sciatic autograft group compared to the sciatic autograft switch group at 8 weeks PO and femoral allograft group at 12 weeks PO (Figures 3E, 7E). Additionally, RF-LH couplings showed that there were differences in RF-LH coordination in the sciatic autograft group compared to all groups at early time points (Figures 3F, 5F, 7F). Max contact mean intensity is a measure of weight borne on a foot at the time of maximum contact with the CatWalk platform. It’s worth noting that max contact mean intensity has been used as an indicator of pain in previous studies of diabetic neuropathy, and much smaller sciatic crush/transection injuries, but has not been confirmed as an indicator of pain in large transection studies such as this study (Vrinten and Hamers, 2003; Deumens et al., 2007; Vieira et al., 2020). Max contact mean intensity is here used as a measure of weight borne on the foot as an indicator of LH function. Lesser intensity equates to less weight borne on the LH compared to the RH. The sciatic autograft group showed the largest fluctuation in weight borne on their LH foot which, in addition with cadence and RF-LH coupling indicates a pattern of injury accommodation in which their LH foot was used sparingly and only as an anchor to allow for balance and speed of crossing (Figure 3G). Other experimental groups showed a different pattern of injury accommodation in which the LH initially appeared to be used only for balance, which slowed down their overall cadence. As the nerve regenerated, and cadence improved, the RF-LH coordination improved, and more weight was able to be placed on the LH. Functional recovery of the sciatic nerve, through measurement of SFI, only started to change between groups at 24 weeks PO when the femoral allograft was significantly worse than the sciatic autograft and at 28- and 32-weeks PO where the sciatic allograft was significantly reduced. These SFI changes correlate with significant differences in tibial CMAPs data and indicate a time of significant remodeling to motor innervation that equalized by 36 weeks.

Data from the femoral nerve allografts was of particular interest as it diverged from the sciatic grafts in several ways. The femoral nerve branch is such that the cutaneous branch is exclusively sensory while the motor branch innervates the quadriceps muscle and lacks sensory fibers, whereas both the peroneal and tibial branches of the sciatic nerve contain both sensory and motor neurons (Irintchev, 2011). Preferential motor reinnervation at sensorimotor branch points was established in the femoral nerve and found to be partially mediated by carbohydrate epitopes expressed on motor-associated Schwann cells (Löw et al., 1994; Martini et al., 1994; Morita et al., 2008). It was therefore a possibility that regeneration of motor fibers would be enhanced down the motor branch of the femoral allograft irrespective of whether it was sutured to the tibial or peroneal stump.

Motor reinnervation in the femoral allograft group appears to be different based on branch and time point in this study. While CMAP tibial amplitudes and latencies were improved compared to the peroneal branch after 24 weeks PO in the original orientation femoral allograft group, there were only two rats at 12 weeks PO that responded to tibial stimulation compared to the peroneal branch where all rats responded (Figure 7). This suggests the possibility of early motor reinnervation occurring down the peroneal branch, followed by a later wave of additional motor axons down the tibial branch from 16 to 24 weeks PO. CatWalk recordings support this observation; there was very little disruption to RF-LH coordination and weight bearing on the LH at all time points, but cadence was significantly reduced around 8 weeks PO and SFI was reduced at 24 weeks PO. This could be caused by peroneal motor innervation, which controls dorsiflexion of the foot, occurring early and allowing the animal to coordinate LH stepping and weight bearing with a transient reduction in cadence. Late tibial reinnervation or pruning of incorrectly innervated motor axons accounts for the changes in SFI, which requires innervation of both branches of the sciatic nerve to impact toe spread. An interesting follow up study might use a similar branched grafting procedure but into a femoral nerve branched defect rather than the sciatic to determine if end-organ innervation can still drive preferential motor reinnervation when using mixed branched grafts. We are not aware of any such studies.

Potential reasons that outcomes at earlier time points differed by graft and orientation are not certain but may include factors related to the grafts as well as the defect site. Within this study, where the defect site was standard for all groups, it appears that size disparity in the branches within the graft correlates with earlier differences in outcomes. For example, sciatic autografts show lower peroneal CMAP amplitudes at the earlier time points when the peroneal branch within the graft was sutured to the peroneal stump compared to the switched orientation when the tibial branch within the graft was sutured to the peroneal stump (Figure 3A). The tibial branch in the graft is larger than the peroneal branch (Figure 1A), potentially indicating that axon regeneration at early time points may have facilitated more axons entering the larger (tibial) branch within the graft. Similar trends were observed comparing sciatic allograft to sciatic allograft switch (Figure 5A) and femoral allograft to femoral allograft switch (Figure 7C), where the motor branch within the femoral is larger than the saphenous branch (Figure 1B). Early differences in regeneration may become less evident over time as additional regeneration, remodeling and collateralization occur. As discussed in more detail below, cross sectional area of nerve branches and axon number within the grafts appears to have altered depending on which distal branch it was connected to. Conducting morphometry on nerves at earlier time points when CMAPs and CatWalk differed by graft source and orientation would be beneficial.

A third advancement of this is some of the intriguing findings of nerve morphometry. As stated previously, the cross sections of the tibial branch of the sciatic nerve is larger than the peroneal branch in uninjured animals (1.2 × 105± 7.2 × 103 μm2 for peroneal, 2.9 × 105 ± 1.1 × 104 μm2 for tibial, p = 0.005) (Figure 4E). Thirty-six weeks following treatment with sciatic autografts, the cross-sectional area of the tibial branch within autografts that were sutured to the tibial stump was 2.1 × 105± 2.1 × 104 μm2 and the tibial branches with grafts sutured to the peroneal stump (switched orientation) were slightly larger 2.4 × 105± 4.7 × 104 μm2, both smaller than in uninjured tibial nerves (Figure 4E). The opposite trend was observed for the smaller peroneal branch, where the cross-sectional area of the peroneal section of the graft sutured to the tibial (1.8 × 105 ± 5.0 × 104) was now larger than in uninjured peroneal (1.5 × 105± 9.2 × 103 μm2). This trend was less clear in sciatic and femoral allograft groups, where direct comparison is complicated by donor nerves being obtained from age-matched males that were generally larger than the female recipients (275 g vs. 219 g) and therefore not directly comparable. While differences for autografts did not reach statistical significance, these data suggest that branches within branched autografts may increase or decrease in size depending on what distal nerve branch they are connected to.

Trends in the total number of regenerated axons is also of interest. Axon number in uninjured tibial branches was 1777 ± 326 compared to 1205 ± 140 when the tibial branch of sciatic autografts was sutured to the tibial stump and 2398 ± 588 when the tibial branch within the graft was sutured to the peroneal stump (Figure 4F). Axonal density accordingly increased after injury as the areas of the nerve branches within the autografts became smaller (Figure 4G). Axon number in the tibial branches of sciatic allografts sutured to the tibial distal stump was 1846 ± 200 and was maintained at similarly high numbers, 1875 ± 287 of axons in tibial graft branches sutured to peroneal stumps. The larger motor branch of the femoral nerve similarly attracted regeneration of additional axons when sutured to the peroneal stump (1208 ± 199) compared to when the saphenous nerve in the graft was sutured to the peroneal stump (968 ± 135). We would suggest that future studies on branched ablations should consider using additional animals/group to account for increased variability likely caused by the branching.

A potentially complicating factor in this study is the immunogenicity of the inbred sciatic and inbred femoral allografts as no immunosuppressive therapy was applied. We had previously found that regeneration with both 1 cm and 2.0 cm branched allografts from Sprague Dawley donors into Lewis rats was poor when no immunosuppression was provided (Roballo and Bushman, 2019; Santos Roballo et al., 2019). Results shown in Supplementary Figure 1 indicate that there is still immunogenicity when both donor and host are Sprague Dawley animals, as evidenced by reductions in regeneration in allograft groups. This is likely explained by the outbred nature of the Sprague Dawley strain, having shown immunogenicity in other reports of nerve allotransplantation (Mikesh et al., 2018). Addressing immunogenicity with immunosuppressive therapy is not without complications as validated immunosuppressants tacrolimus and cyclosporin have positive effects on axonal extension and Wallerian degeneration independent of their mechanisms suppressing immune cells (Sunio and Bittner, 1997; Avramut and Achim, 2003). We therefore chose inbred Lewis rats to mitigate immunogenicity of allografts rather than immunosuppressive treatment. Comparison of outcomes for sciatic autografts and inbred sciatic allografts in both orientations show highly comparable outcomes for these groups, suggesting that immunogenicity was not a significant factor for allografts within inbred Lewis rats (Figures 5, 6). The finding that sciatic autografts and inbred allografts show equivalency long-term is meaningful because it allows for direct comparison with the femoral nerve, which has the sensorimotor divisions in branches that is not within the peroneal and tibial branches of the sciatic that both contain sensory and motor neurons.

Retrograde labeling using Alexa Flour conjugated CTb is a method used to trace the motor and sensory neurons in a given nerve and can be used to identify the regeneration nerve morphology (Hirakawa et al., 1992; Zhao et al., 2020; Cui et al., 2022). The retrograde labeling done in this study shows that there were more motor axons compared to sensory axons in all groups, seen in the higher number of labeled neurons in the ventral horn compared to the dorsal horn. When the number of neurons in each horn are counted and compared as a ratio of sensory to motor neurons for each nerve branch, some interesting trends appear. As expected of a nerve with mixed morphology, the uninjured control shows nearly identical ratios of sensory/motor neurons in both the tibial and peroneal branches. This trend is also true for the sciatic autograft group indicating that injury did not meaningfully change the number of sensory and motor neurons. Interestingly, the sciatic allograft switch group also had a nearly identical sensory/motor ratio of neurons while the sciatic allograft group showed significantly more sensory neurons in the peroneal branch compared to the tibial branch. The pattern of reinnervation seen in the sciatic allograft group could possibly support the assertion that sensory axons are more robustly regenerated down the peroneal branch early, followed by motor axons that were diverted to the tibial branch. This pattern was not retained in the switch surgery, which we hypothesize is caused by the added complexity of the size disparity in the graft and distal stump affecting axonal growth cone guidance. The same pattern occurred in the femoral allograft where, while not significantly so, the saphenous branch was innervated by more sensory neurons than the motor branch. Again, when the graft orientation was switched, the pattern did repeat and there were similar ratios of sensory/motor neurons in each branch. This pattern needs to be explored by further study, particularly with more femoral grafts in opposing orientations implanted into the sciatic nerve and femoral nerve to determine if this pattern holds true with more replicates and if it is caused by size disparity in the branches.

SFI is a measure of functional recovery in the sciatic nerve and is calculated using the overall toe spread, the intermediate toe spread and the print length of the injured foot. SFI has yet to be assessed in an injury of the 2.5 cm size and branching the CatWalk. The current study saw initial recovery between 2- and 4-weeks PO before there were only minor fluctuations in recovery. Previous reports using the CatWalk to assess SFI following injury have highlighted limitations of this technology which may impact the SFI scores (Bozkurt et al., 2008). Specifically, Bozkurt et al. (2008), discussed that SFI values can be significantly diminished when rats move with faster speed, which impacts gait (Koopmans et al., 2007). This is a large consideration for this study in which rats moved quickly across the CatWalk platform and achieved what appeared to be relatively little sciatic function according to SFI scores. Additionally, calculating SFI early after injury is challenging and can be inaccurate due to paresis of the injured paw (Monte-Raso et al., 2008). Previous studies that utilize SFI have also found little improvement in later time points following injury in rat models that are much less severe (5 mm nerve gap with direct neurorrhaphy,1 cm autograft, and 5 mm autograft) and complex (linear grafts) than the current study (Shenaq et al., 1989; Lin et al., 2010; Nagao et al., 2011). The static sciatic index, which assesses function while standing still, would be a complementary measure to SFI to better dissect differences in behavioral outcomes.



Conclusion

This study compared the efficacy with which branched nerve grafts promote repair after ablation of a branch point. Results support that the use of branched grafts is a viable technique for the repair of branched nerve injuries as evidenced by regeneration down individual branches. Long term regeneration is not impacted by the harvest location of the graft or the orientation. This is a promising indication for the use of branched grafts to repair branched nerve defects.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This animal study was reviewed and approved by University of Wyoming IACUC.



Author contributions

JA helped design the study, performed the surgeries and animals care, collected data, analyzed data, and wrote and edited the manuscript. KR performed some surgeries, training, data acquisition, and edited the manuscript. BS assisted with animal care, acquired CMAPs and CatWalk data, and wrote and edited the manuscript. JB devised experiments, provided supplies and lab space, analyzed data, and wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by US Department of Defense grant W81XWH-17-1-0402, the University of Wyoming Sensory Biology COBRE under National Institutes of Health (NIH) Award Number 5P20GM121310, and the National Institute of General Medical Sciences of the NIH under the Award Number P20GM103432.



Acknowledgments

We thank Zhaojie Zhang, Director of the Jenkins Microscopy Facility for his assistance with imaging and BioRender for the use of their program to create Figures 1, 2.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Author disclaimer

The content is solely the responsibility of the authors and does not necessarily represent the official views of the US Department of Defense, NIH, or the University of Wyoming.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2022.1055490/full#supplementary-material



References

Avramut, M., and Achim, C. L. (2003). Immunophilins in nervous system degeneration and regeneration. Curr. Top. Med. Chem. 3, 1376–1382. doi: 10.2174/1568026033451871

Bozkurt, A., Deumens, R., Scheffel, J., O’dey, D., Weis, J., Joosten, E., et al. (2008). Catwalk gait analysis in assessment of functional recovery after sciatic nerve injury. J. Neurosci. Methods 173, 91–98. doi: 10.1016/j.jneumeth.2008.05.020

Bozkurt, A., Scheffel, J., Brook, G., Joosten, E., Suschek, C., O’dey, D., et al. (2011). Aspects of static and dynamic motor function in peripheral nerve regeneration: SSI and CatWalk gait analysis. Behav. Brain Res. 219, 55–62. doi: 10.1016/j.bbr.2010.12.018

Brushart, T., Kebaish, F., Wolinsky, R., Skolasky, R., Li, Z., and Barker, N. (2020). Sensory axons inhibit motor axon regeneration in vitro. Exp. Neurol. 323:113073. doi: 10.1016/j.expneurol.2019.113073

Brushart, T. M. (1988). Preferential reinnervation of motor nerves by regenerating motor axons. J. Neurosci. 8, 1026–1031. doi: 10.1523/JNEUROSCI.08-03-01026.1988

Brushart, T. M. (1993). Motor axons preferentially reinnervate motor pathways. J. Neurosci. 13, 2730–2738. doi: 10.1523/JNEUROSCI.13-06-02730.1993

Brushart, T. M., Gerber, J., Kessens, P., Chen, Y. G., and Royall, R. M. (1998). Contributions of pathway and neuron to preferential motor reinnervation. J. Neurosci. 18, 8674–8681. doi: 10.1523/JNEUROSCI.18-21-08674.1998

Catala, M., and Kubis, N. (2013). Gross anatomy and development of the peripheral nervous system. Handb. Clin. Neurol. 115, 29–41. doi: 10.1016/B978-0-444-52902-2.00003-5

Cinteza, D., Persinaru, I., Maciuceanu Zarnescu, B. M., Ionescu, D., and Lascar, I. (2015). Peripheral nerve regeneration - an appraisal of the current treatment options. Maedica (Bucur) 10, 65–68.

Cui, J.-J., Wang, J., Xu, D.-S., Wu, S., Guo, Y.-T., Su, Y.-X., et al. (2022). Alexa fluor 488-conjugated cholera toxin subunit B optimally labels neurons 3–7 days after injection into the rat gastrocnemius muscle. Neural Regen. Res. 17:2316. doi: 10.4103/1673-5374.337055

De Medinaceli, L., Derenzo, E., and Wyatt, R. J. (1984). Rat sciatic functional index data management system with digitized input. Comput. Biomed. Res. 17, 185–192. doi: 10.1016/0010-4809(84)90031-4

Deleonibus, A., Rezaei, M., Fahradyan, V., Silver, J., Rampazzo, A., and Bassiri Gharb, B. (2021). A meta-analysis of functional outcomes in rat sciatic nerve injury models. Microsurgery 41, 286–295. doi: 10.1002/micr.30713

Deumens, R., Jaken, R. J., Marcus, M. A., and Joosten, E. A. (2007). The CatWalk gait analysis in assessment of both dynamic and static gait changes after adult rat sciatic nerve resection. J. Neurosci. Methods 164, 120–130. doi: 10.1016/j.jneumeth.2007.04.009

Ghnenis, A. B., Czaikowski, R. E., Zhang, Z. J., and Bushman, J. S. (2018). Toluidine blue staining of resin-embedded sections for evaluation of peripheral nerve morphology. J. Vis. Exp. 137:e58031. doi: 10.3791/58031

Hirakawa, M., Mccabe, J., and Kawata, M. (1992). Time-related changes in the labeling pattern of motor and sensory neurons innervating the gastrocnemius muscle, as revealed by the retrograde transport of the cholera toxin B subunit. Cell Tissue Res. 267, 419–427. doi: 10.1007/BF00319364

Hurt, P., Walter, L., Sudbrak, R., Klages, S., Muller, I., Shiina, T., et al. (2004). The genomic sequence and comparative analysis of the rat major histocompatibility complex. Genome Res. 14, 631–639. doi: 10.1101/gr.1987704

Irintchev, A. (2011). Potentials and limitations of peripheral nerve injury models in rodents with particular reference to the femoral nerve. Ann. Anat. 193, 276–285. doi: 10.1016/j.aanat.2011.02.019

Isvoranu, G., Manole, E., and Neagu, M. (2021). Gait analysis using animal models of peripheral nerve and spinal cord injuries. Biomedicines 9:1050. doi: 10.3390/biomedicines9081050

Jones, S., Eisenberg, H. M., and Jia, X. (2016). Advances and future applications of augmented peripheral nerve regeneration. Int. J. Mol. Sci. 17:1494. doi: 10.3390/ijms17091494

Koopmans, G. C., Deumens, R., Brook, G., Gerver, J., Honig, W. M., Hamers, F. P., et al. (2007). Strain and locomotor speed affect over-ground locomotion in intact rats. Physiol. Behav. 92, 993–1001. doi: 10.1016/j.physbeh.2007.07.018

Lin, K.-L., Yang, D.-Y., Chu, I.-M., Cheng, F.-C., Chen, C.-J., Ho, S.-P., et al. (2010). DuraSeal as a ligature in the anastomosis of rat sciatic nerve gap injury. J. Surg. Res. 161, 101–110. doi: 10.1016/j.jss.2008.10.020

Liu, W., Ren, Y., Bossert, A., Wang, X., Dayawansa, S., Tong, J., et al. (2012). Allotransplanted neurons used to repair peripheral nerve injury do not elicit overt immunogenicity. PLoS One 7:e31675. doi: 10.1371/journal.pone.0031675

Löw, K., Orberger, G., Schmitz, B., Martini, R., and Schachner, M. (1994). The L2/Hnk-1 carbohydrate is carried by the myelin associated glycoprotein and sulphated glucuronyl glycolipids in muscle but not cutaneous nerves of adult mice. Eur. J. Neurosci. 6, 1773–1781. doi: 10.1111/j.1460-9568.1994.tb00570.x

Madison, R. D., Archibald, S. J., and Brushart, T. M. (1996). Reinnervation accuracy of the rat femoral nerve by motor and sensory neurons. J. Neurosci. 16, 5698–5703. doi: 10.1523/JNEUROSCI.16-18-05698.1996

Madison, R. D., Robinson, G. A., and Chadaram, S. R. (2007). The specificity of motor neurone regeneration (preferential reinnervation). Acta Physiol. 189, 201–206. doi: 10.1111/j.1748-1716.2006.01657.x

Martini, R., Schachner, M., and Brushart, T. M. (1994). The L2/Hnk-1 carbohydrate is preferentially expressed by previously motor axon-associated Schwann cells in reinnervated peripheral nerves. J. Neurosci. 14, 7180–7191. doi: 10.1523/JNEUROSCI.14-11-07180.1994

Martini, R., Xin, Y., Schmitz, B., and Schachner, M. (1992). The L2/Hnk-1 carbohydrate epitope is involved in the preferential outgrowth of motor neurons on ventral roots and motor nerves. Eur. J. Neurosci. 4, 628–639. doi: 10.1111/j.1460-9568.1992.tb00171.x

Mikesh, M., Ghergherehchi, C. L., Rahesh, S., Jagannath, K., Ali, A., Sengelaub, D. R., et al. (2018). Polyethylene glycol treated allografts not tissue matched nor immunosuppressed rapidly repair sciatic nerve gaps, maintain neuromuscular functions, and restore voluntary behaviors in female rats. J. Neurosci. Res. 96, 1243–1264. doi: 10.1002/jnr.24227

Monte-Raso, V. V., Barbieri, C. H., Mazzer, N., Yamasita, A. C., and Barbieri, G. (2008). Is the sciatic functional index always reliable and reproducible? J. Neurosci. Methods 170, 255–261. doi: 10.1016/j.jneumeth.2008.01.022

Morita, I., Kizuka, Y., Kakuda, S., and Oka, S. (2008). Expression and function of the Hnk-1 carbohydrate. J. Biochem. 143, 719–724. doi: 10.1093/jb/mvm221

Nagao, R. J., Lundy, S., Khaing, Z. Z., and Schmidt, C. E. (2011). Functional characterization of optimized acellular peripheral nerve graft in a rat sciatic nerve injury model. Neurol. Res. 33, 600–608. doi: 10.1179/1743132810Y.0000000023

Navarro, X. (2009). “Neural plasticity after nerve injury and regeneration,” in International review of neurobiology, eds G. Stefano, T. Pierluigi, and B. Bruno (Cambridge MA: Academic Press). doi: 10.1016/S0074-7742(09)87027-X

Osimanjiang, W., Allgood, J. E., Van Sandt, R. L., Burns, D. T., and Bushman, J. S. (2022). Sexual dimorphism in lesion size and sensorimotor responses following spinal cord injury. Front. Neurol. 13:1308.

Pan, D., Mackinnon, S. E., and Wood, M. D. (2020). Advances in the repair of segmental nerve injuries and trends in reconstruction. Muscle Nerve 61, 726–739. doi: 10.1002/mus.26797

Parkkinen, S., Ortega, F. J., Kuptsova, K., Huttunen, J., Tarkka, I., and Jolkkonen, J. (2013). Gait impairment in a rat model of focal cerebral ischemia. Stroke Res. Treat. 2013:410972. doi: 10.1155/2013/410972

Bankhead, P., Loughrey, M. B., Fernández, J. A., Dombrowski, Y., McArt, D. G., and Dunne, P. D. (2017). Qupath: Open source software for digital pathology image analysis. Sci. Rep. 7:16878. doi: 10.1038/s41598-017-17204-5

Roballo, K. C. S., and Bushman, J. (2019). Evaluation of the host immune response and functional recovery in peripheral nerve autografts and allografts. Transpl. Immunol. 53, 61–71. doi: 10.1016/j.trim.2019.01.003

Roballo, K. C. S., Gigley, J. P., Smith, T. A., Bittner, G. D., and Bushman, J. S. (2022). Functional and immunological peculiarities of peripheral nerve allografts. Neural Regen. Res. 17, 721–727. doi: 10.4103/1673-5374.322445

Safa, B., and Buncke, G. (2016). Autograft substitutes: Conduits and processed nerve allografts. Hand Clin. 32, 127–140. doi: 10.1016/j.hcl.2015.12.012

Santos Roballo, K. C., Dhungana, S., Jiang, Z., Oakey, J., and Bushman, J. S. (2019). Localized delivery of immunosuppressive regulatory T cells to peripheral nerve allografts promotes regeneration of branched segmental defects. Biomaterials 209, 1–9. doi: 10.1016/j.biomaterials.2019.04.015

Shenaq, J. M., Shenaq, S. M., and Spira, M. (1989). Reliability of sciatic function index in assessing nerve regeneration across a 1 cm gap. Microsurgery 10, 214–219. doi: 10.1002/micr.1920100315

Siemionow, M., and Sonmez, E. (2007). Nerve allograft transplantation: A review. J. Reconstr. Microsurg. 23, 511–520. doi: 10.1055/s-2007-1022694

Sunio, A., and Bittner, G. D. (1997). Cyclosporin A retards the wallerian degeneration of peripheral mammalian axons. Exp. Neurol. 146, 46–56. doi: 10.1006/exnr.1997.6484

Toossi, A., Bergin, B., Marefatallah, M., Parhizi, B., Tyreman, N., Everaert, D. G., et al. (2021). Comparative neuroanatomy of the lumbosacral spinal cord of the rat, cat, pig, monkey, and human. Sci. Rep. 11, 1–15. doi: 10.1038/s41598-021-81371-9

Vieira, W. F., Malange, K. F., De Magalhães, S. F., Dos Santos, G. G., De Oliveira, A. L. R., Da Cruz-Höfling, M. A., et al. (2020). Gait analysis correlates mechanical hyperalgesia in a model of streptozotocin-induced diabetic neuropathy: A CatWalk dynamic motor function study. Neurosci. Lett. 736:135253. doi: 10.1016/j.neulet.2020.135253

Vrinten, D. H., and Hamers, F. F. (2003). ‘CatWalk’automated quantitative gait analysis as a novel method to assess mechanical allodynia in the rat; A comparison with von Frey testing. Pain 102, 203–209. doi: 10.1016/s0304-3959(02)00382-2

Wang, M. L., Rivlin, M., Graham, J. G., and Beredjiklian, P. K. (2019). Peripheral nerve injury, scarring, and recovery. Connect. Tissue Res. 60, 3–9. doi: 10.1080/03008207.2018.1489381

Watson, C., Paxinos, G., Kayalioglu, G., and Heise, C. (2009). Atlas of the rat spinal cord. Spinal Cord 238–306. doi: 10.1016/B978-0-12-374247-6.50019-5

Werdin, F., Grüssinger, H., Jaminet, P., Kraus, A., Manoli, T., Danker, T., et al. (2009). An improved electrophysiological method to study peripheral nerve regeneration in rats. J. Neurosci. Methods 182, 71–77. doi: 10.1016/j.jneumeth.2009.05.017

Witzel, C., Rohde, C., and Brushart, T. M. (2005). Pathway sampling by regenerating peripheral axons. J. Comp. Neurol. 485, 183–190. doi: 10.1002/cne.20436

Zhao, Y., Maharjan, S., Sun, Y., Yang, Z., Yang, E., Zhou, N., et al. (2020). Red fluorescent aunds with conjugation of cholera toxin subunit B (Ctb) for extended-distance retro-nerve transporting and long-time neural tracing. Acta Biomater. 102, 394–402. doi: 10.1016/j.actbio.2019.11.045












	
	TYPE Review
PUBLISHED 16 December 2022
DOI 10.3389/fneur.2022.908148






Review: Myelin clearance is critical for regeneration after peripheral nerve injury

YiMing Yuan1, Yan Wang1,2*, ShanHong Wu1 and Ming Yue Zhao1,2


1Laboratory of Brain Function and Neurorehabilitation, Heilongjiang University of Chinese Medicine, Harbin, China

2Department of Rehabilitation, The Second Affiliated Hospital of Heilongjiang University of Chinese Medicine, Harbin, China

[image: image2]

OPEN ACCESS

EDITED BY
Melissa R. Andrews, University of Southampton, United Kingdom

REVIEWED BY
Assunta Virtuoso, University of Campania Luigi Vanvitelli, Italy
 Nathalie Sol-Foulon, INSERM U1127 Institut du Cerveau et de la Moelle épinière (ICM), France

*CORRESPONDENCE
 Yan Wang, swallow-1113@163.com

SPECIALTY SECTION
 This article was submitted to Neurotrauma, a section of the journal Frontiers in Neurology

RECEIVED 26 April 2022
 ACCEPTED 17 November 2022
 PUBLISHED 16 December 2022

CITATION
 Yuan Y, Wang Y, Wu S and Zhao MY (2022) Review: Myelin clearance is critical for regeneration after peripheral nerve injury. Front. Neurol. 13:908148. doi: 10.3389/fneur.2022.908148

COPYRIGHT
 © 2022 Yuan, Wang, Wu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Traumatic peripheral nerve injury occurs frequently and is a major clinical and public health problem that can lead to functional impairment and permanent disability. Despite the availability of modern diagnostic procedures and advanced microsurgical techniques, active recovery after peripheral nerve repair is often unsatisfactory. Peripheral nerve regeneration involves several critical events, including the recreation of the microenvironment and remyelination. Results from previous studies suggest that the peripheral nervous system (PNS) has a greater capacity for repair than the central nervous system. Thus, it will be important to understand myelin and myelination specifically in the PNS. This review provides an update on myelin biology and myelination in the PNS and discusses the mechanisms that promote myelin clearance after injury. The roles of Schwann cells and macrophages are considered at length, together with the possibility of exogenous intervention.
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Introduction

Injury to peripheral nerves leads to a series of molecular, cellular, and microstructural responses that promote their regeneration and functional recovery. Peripheral nerve regeneration may be hindered by slow organizational growth, degeneration of its distal segments, and impediments to its reinnervation. Regeneration is frequently insufficient and accompanied by negative clinical sequelae (1). While there has been substantial focus on clinical interventions designed to improve this process, the contributions associated with myelin clearance remain comparatively unexplored.

Lipid-rich myelin formed by Schwann cells (SCs) facilitates saltatory impulse transmission and provides trophic support to the peripheral nervous system (PNS) via radial sorting of its axons. SCs associate with and wrap around larger axons late in embryonic development to facilitate myelination that will be initiated postnatally. Regeneration of myelin is a critical aspect of any effective treatment for peripheral nerve injury (PNI). Remyelination is critical for effective repair after PNI and will be needed to provide new support for the PNS. Furthermore, myelin breakdown has been recognized as a key contributor to various peripheral nerve diseases.

Fragments generated by myelin breakdown obstruct axon regeneration. Myelin ovoids resulting from the destruction of the myelin sheath can be detected in SCs associated with degenerating axons (22). These ovoids contain numerous factors, including myelin-related glycoprotein (MAG) which can inhibit axon development (23, 24). Myelin debris at the lesion site results in local pressure and also impedes nerve repair (25). Jessen et al. reported that the PNS was able to undergo repair more effectively than the central nervous system (CNS) (26). This may be explained at least in part by its superior capacity for myelin removal (27). The results of several recent studies suggested that the removal of myelin debris is a prerequisite for effective nerve regeneration (28–30). Thus, an understanding of the mechanisms contributing to myelin removal from injured nerves will have broad implications for this process.

Earlier work has established that myelin breakdown occurs during the early stages immediately following nerve injury and is followed by the clearance of myelin debris. In this review, we will begin with a discussion of myelin formation. We will then discuss previous research and consider the results of recent studies that address the mechanisms involved in myelin removal. We will conclude with a discussion of the therapeutic implication of these findings.

The accumulation of myelin debris has a significant impact on nerve regeneration; this material is no longer useful and contains many inhibitory signals that prevent repair. Interestingly, and in contrast to the PNS, the CNS does not have satisfied mechanisms that promote effective myelin degradation (31). Myelin fragments can persist at the site of a CNS injury for months or even years where they serve to inhibit essential repair mechanisms (32). For example, Fujita et al. reported that MAG detected in CNS inhibits regeneration via its capacity to suppress tropomyosin receptor kinase (Trk) activity (33). In the nerve system, there is undoubtedly a balance between the clearance of myelin and detrimental consequences that impede regeneration, and this relationship seems to be better regulated in PNS.

In this review, we focus on new insights directed at the earliest responses to nerve injury (Figure 1); established mechanisms and conventional insights into this process have been reviewed elsewhere (37). The article highlights new findings that address various mechanisms that drive myelin removal and concentrates on new perspectives of peripheral nerve regeneration based on the construction of a suitable microenvironment. We also discuss the potential impact of myelin removal in other neurological diseases.
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FIGURE 1
 Immediately after injury, SCs and macrophages (including resident and early-stage infiltrating macrophages) begin to remove myelin debris (34). SC-mediated phagocytosis reaches a peak at approximately 5 days post-injury (dpi; green line). Most of the engulfment results from macrophage activity that increases from 5 to 7 dpi (red line). Macrophage-mediated phagocytosis reaches a peak at approximately 14 dpi and remains detectable at day 56 (35). Fibroblasts and neutrophils also contribute to myelin clearance at this stage (35, 36). The myelin fragments are ultimately cleared by localized apoptosis followed by transport by the lymphatics to the spleen.




The formation and function of myelin

Before discussing clearance, we need to have a full understanding of the mechanisms underlying myelin formation and function in PNS. Myelin is a lipid–protein complex derived from membranes of SCs (in the PNS) and oligodendrocytes (in the CNS) that forms a sheath that supports and protects individual axons (38), facilitates rapid transit of electrical signals, and provides critical nourishment. Myelin-providing (pro-myelin) SCs are generated from precursors that undergo three developmental shifts, including transitions from crest cells to SC precursors (SCPs), from SCPs to immature SCs, and from immature SCs to either pro-myelin SCs or non-myelinating (Remak) SCs. The pro-myelin SCs then undergo radial sorting; some of these cells go on to generate myelin sheaths (39, 40).

Myelin in the PNS is comprised of both lipids (70–80%) and proteins (20–30%) (41), the latter group including primarily myelin protein zero (MPZ), as well as myelin basic protein (MBP) and peripheral myelin proteins 2 and 22 (PMP2/PMP22). Those proteins undergo upregulation at the start of myelination and provide the myelin sheath with a unique membrane structure. The interactions between these proteins and the phospholipid bilayer result in compact cytoplasmic leaflets. Upregulated expression of these myelin genes is regulated by the POU-associated transcription factor, Oct6 (SCIP), Brn2, the high-mobility group protein Sox10, and the protein Krox20/Egr2 (42).

Both extrinsic and intracellular signals regulate the process of myelination. Among these signals, neuregulin (Nrg)1 regulates nearly all aspects and functions of SCs (40). Similarly, laminin and laminin receptors modulate myelination via their role in promoting essential autocrine signals (43). Likewise, Gpr126 provides critical signals that promote myelination via its role in regulating signaling by cyclic adenosine monophosphate (cAMP) (44, 45). Myelination also relies on several downstream intracellular signaling pathways involving PI3K, PLC-γ, focal adhesion kinase (FAK), mitogen-activated protein kinase (MAPK), and Wnt/β-Catenin (46–48). In addition, cAMP promotes and maintains myelination via both intracellular signaling as well as mechanisms that regulate its expression (49, 50).

Results from previous reports revealed that iron was required for myelin production and its maintenance in the CNS (51, 52). Results from more recent studies revealed that iron homeostasis is also required for myelin formation in the PNS; Santiago González et al. reported the divalent metal transporter 1 (DMT1) (53), heavy ferritin chain (Fth), and the transferrin receptor 1 (Tfr1), which are factors that regulate iron absorption and storage, provide crucial contributions to SC maturation and myelin formation. Iron outflow also has an impact on myelin formation. The ferroxidase enzyme, ceruloplasmin (Cp), protects the PNS and regulates iron efflux, thereby modulating the maturation of SCs and axon myelination (54). Disorders of iron homeostasis can induce oxidative stress and SC injury (53, 54).

A comprehensive understanding of the composition of myelin and the mechanisms involved in its formation will be essential for our assessment of myelin clearance that takes place in response to nervous system injuries. We note that the factors and signals described earlier also play critical roles in regulating myelin removal after injury. Furthermore, the connections linking myelin formation and removal have important implications with respect to the treatment of PNI.



Negative regulation of myelination

Demyelination is a characteristic response to a peripheral nerve injury. Pro-myelin SCs activate a cellular program that leads to the disintegration of the myelin sheath. Demyelination of injured peripheral nerves typically takes place via Wallerian degeneration (WD) that both negatively regulates myelination and leads to myelin degradation. Reduced expression of myelin-associated proteins may also contribute to rapid demyelination, as this response promotes SC proliferation, clearance of myelin debris, and nerve regeneration (9). We will thus review this process as the first step of the clearance program, as this approach can help us to understand the molecular mechanisms that promote the clearance of myelin sheath fragments (Figure 2).
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FIGURE 2
 Immediately after injury, ErbB2, MAPK, PI3K, Notch, and EphA4 signals respond in SCs, their crosstalk, and the downstream signaling pathways that regulate factors that mediate myelination. This results in the downregulation of pro-myelinating genes, including Zeb2, Oct6, and Krox20, and the upregulation of negative regulatory factors, including Sox-2, Pax-3, and c-Jun. In addition, activated Rac promotes F-actin polymerization to generate myelin ovoids. Myelin is also cleared during this stage.



Factors that regulate myelination
 
c-Jun

The transcription factor, c-Jun, is found at the core of the AP-1 complex and is involved in the formation of the myelin sheath (55). More recent evidence has elucidated the role of c-Jun-mediated activities that regulate the responses of denervated SCs after injury, notably the formation of regeneration tracks, support of neuronal survival, promotion of axon regrowth, and myelin clearance (56). Furthermore, c-Jun deletion resulted in diminished clearance of myelin fragments and delayed regeneration (56). Additional evidence revealed that diminished quantities of O-GlcNAc transferase (OGT), which is an enzyme associated with post-translational modifications that suppress c-Jun, also impaired the process of remyelination (57); this result also suggested that activated c-Jun was an essential component of the regeneration process. Results from additional studies revealed that AMP-activated protein kinase (AMPK) attenuated myelin gene expression and thus reduced myelin formation, which is also a response to the activation of c-Jun signaling (58). SC dedifferentiation, myelin clearance, and regeneration were all impaired in the absence of c-Jun (56, 59). While overexpression of c-Jun can also harm the repair, process, and moderate activation is required (60).



Sox2

The Sox2 transcription factor regulates the activities of Schwann cells. Earlier in vitro studies revealed that Sox2 negatively regulated both crest and stem cells and thus regulated the formation of myelin (61). Recent findings have revealed that Sox2 may have a specific impact on myelin produced in the PNS. Interestingly, sustained expression of negative regulators, including Sox2 and Id2, protected mice modeling Charcot–Marie–Tooth (CMT) 1B disease from both dysmyelination and the deleterious impact of mutated myelin-related proteins, including MPZ (62). Activation of SC-autonomous and SC-nonautonomous protective functions may be a key mechanism underlying this result.



Pax-3

Pax-3 is a paired domain transcription factor expressed in the PNS and SCs that represses the induction of MBP by preventing the activation of the MBP promoter by cAMP (63, 64). Furthermore, Doddrell et al. (65) reported that Pax-3 strongly inhibited the cAMP-mediated induction of both Krox20 and Oct-6 in SCs as well as the expression of Sox-10. Interestingly, Pax-3 inhibited the expression of c-Jun and enhanced Notch-1 expression (65); collectively, these results suggested that Pax-3 inhibited Krox20 in a c-Jun-independent manner. However, while these factors are all involved in the repression of myelination, the precise mechanisms will need to be elucidated by further research.




Pathways regulating myelin gene expression after injury
 
MAPK and NRG1

ERK signaling is strongly and rapidly activated approximately 4 h after insult at both injured and distal sites (66, 67). Harrisingh et al. (67) described the role of the Raf-ERK pathway in promoting SC dedifferentiation. As a first step, Raf activation suppresses the expression of myelin-associated proteins induced by cAMP (67, 68). Moreover, results from another previous study revealed that Raf overexpression generated in response to tamoxifen strongly activates Raf-ERK signaling and downregulates myelin-related gene expression in an uninjured nerve (69). Sustained activation of ERK also resulted in morphological defects, restricted regeneration, and impaired functional recovery, although rapid demyelination was observed (70).

Crosstalk between NRG1 and MAPK signaling pathways promotes demyelination and is a crucial factor involved in the migration of crest cells and the generation of mature SCs, as well as maintaining appropriate myelin thickness (71–73). Although NRG1 promotes both proliferation and the formation of myelin (50), recent results suggest that NRG1 may also promote reductions in the concentration of myelin fragments (73). The role of Rac-MAPK in the processes underlying demyelination is somewhat better clarified and is regulated by Ngr1/ErbB2 signaling (74, 75). Its intracellular target, MAPKK7 (MKK7), is upstream of JNK and was reported to induce the expression of c-Jun as opposed to ERK (76). The net result was the downregulation of myelin gene expression at the distal site of an injured nerve.

Yang et al. reported that p38 MAPK was responsible for NRG1-mediated downregulation of myelin as well as the blockade of Krox20 expression. Results from this report also revealed that activated MKK6, which is a direct and specific upstream activator of p38 MAPK, also promoted demyelination (77).

Several additional factors related to this pathway were also found to delay myelination. Among these, bone morphogenetic protein (BMP)7 limited the formation of myelin sheath during development (78). Dummula et al. reported that the inhibition of BMP expression resulted in myelin preservation in the CNS; these events also had an immediate impact on the maturation of oligodendrocyte precursor cells and myelin formation (78). Recent evidence suggests that BMP family proteins exhibit a similar function in PNS. Results in this report revealed that BMP4 was upregulated beginning at 12 h after injury and reached peak expression at 24 h; expression then decreases continuously thereafter (79), paralleling demyelination. Further analysis revealed that BMP resulted in reductions in cAMP-induced expression of myelin genes, potentially due to its capacity to target the p38MAPK/c-Jun axis. Similarly, fibroblast growth factor 21 (FGF21) was originally identified as a factor that promoted remyelination in CNS (80). However, recent results suggest that FGF21 has completely different functions in PNS, specifically those resulting in the repression of myelin-related genes (81). The results from this report revealed that negative regulation secondary to FGF21 was mediated by the p38 mitogen-activated protein kinase (MAPK)/c-Jun axis. Zhang et al. reported that the expression of FGF21 in developing SCs was diminished in the presence of dibutyryl-cAMP, thus suggesting dynamic regulation of myelin production (81). SCs in the PNS can synthesize and secrete FGF21 which extends its impact beyond the paracrine observed in the liver. Therefore, FGF21 and BMP7 may be among the critical negative regulatory factors involved in myelination after nerve injury. Interestingly, Wang et al. reported the increased expression of genes associated with immature SCs and decreased expression of genes associated with mature SCs in FGF9-gene-deleted mice (82). Overall, these results suggest that FGF9 may also seem to be involved in the process of myelin degeneration.

The intracellular GTPase Rac regulates actin polymerization and is a component of an essential pathway involved in the fragmentation of myelin (74, 83). Myelin ovoids formed during the early stages of WD may be responsible for the SC-mediated removal of compact myelin sheath material (84). After an injury, WD begins with the stereotypic fragmentation of myelin sheath into myelin ovoids at the Schmidt–Lanterman cleft (SLC), which is an area that contains non-compact myelin sheath material. Then, the structure of the SC cytoskeleton changes considerably. Although the SLC features atypical adherens junctions (AJs) (48, 85), the molecular nature of SLC appears to parallel those, and polymerization of new actin filaments occurs after injury and promotes the degeneration of both AJs and E-cadherin, thereby inducing the myelin fragmentation (74). Activated Rac GTPase localizes to the SLC and regulates actin polymerization. By contrast, inhibition of actin polymerization also suppressed the formation of myelin ovoids and the degeneration of E-cadherin. Thus, we conclude that new F-actin that polymerizes after WD promotes the clearance of myelin sheath material (83).



Notch signaling

Notch is a transmembrane receptor protein that is cleaved to generate a Notch intracellular domain (NICD) after combining it with its ligand, Jagged-1. Notch signaling is a central pathway in developing invertebrates that are upregulated in response to Sox-2 and downregulated in response to Krox20 signaling. NICD preserves myelination and induces its expression (50).

Results from previous research revealed that activated Notch pathways regulated demyelination and proliferation of SCs (86); engineered overexpression of NCID results in rapid demyelination of injured nerves (87). Wang et al. reported that forced overexpression of NCID promotes peripheral nerve regeneration via pathways that promote accelerated demyelination (82). Moreover, Notch acts as the inhibitor of Zeb2 (88) and is thus involved in another essential pathway associated with myelin regeneration (89).

A recent study reported that post-translational sumoylation negatively regulates angiogenesis via its impact on Notch signaling (90). Accordingly, one might speculate that sumoylation might also have a negative impact on myelination via its capacity to target the Notch signaling pathway in SCs (91). Sumoylation may also inhibit Oct6 and Krox20 (11), although the impact of these modifications on myelination remains unexplored.



PI3K-Akt-mTORC1

mTORC1 is a central modulator of numerous anabolic reactions and promotes myelination in the PNS (60). Interestingly, mTORC1 undergoes transient activation after injury and suppresses myelination (92). mTORC1 is activated in SCs after injury via NRG1-PI3K-Akt signaling that suppresses myelination rather than promoting regeneration (53, 93, 94). Activated mTORC1 has no impact on macrophage recruitment (60). mTORC1 also promotes demyelination by inhibiting Krox20 and activating c-Jun (60, 93). However, mTORC1-mediated demyelination was not enhanced via the additional activation; this may be due to feedback inhibition on the PI3K-Akt pathway (94). Over-activation of mTORC1 also resulted in delayed regeneration; this dual function may be a new target for therapeutics designed to combat nervous system diseases.



Neuregulin1

Neuregulin1/ErbB2 signaling pathways are involved in crosstalk with MAPK and PI3K and regulate demyelination. NRG1 is crucial to the formation of glia and the migration of crest cells as well as the formation of mature SCs and mechanisms that control myelin thickness (71–73). The results of several previous studies revealed that NRG1/ErbB signaling could target the bZIP transcription factor Maf, thereby limiting the formation of myelin via its impact on cholesterol levels (57, 95). Therefore, NRG1 signaling is strongly connected to myelin clearance.

Recent reports have revealed that the expression of soluble NRG1 changes in response to peripheral nerve injury and ultimately downregulates the expression of myelin-related genes including Pmp22, Serinc5, Ndrg1, Fa2h, Mal, Rxrg, and Krox20, in response to injury and activation of c-Jun (96). NRG1 responses during the first stage of clearance regulated myelin-associated gene expression. By contrast, NRG1 promotes myelin regeneration during the following stages (and also during development); these results suggest that NRG1 also acts as a dynamic regulator that stabilizes these processes with respect to the pathophysiological responses of the PNS. The interactions between these mechanisms permit myelin clearance to proceed.

The NRG1 type III (NRG1 III) isoform positively regulates the formation of myelin and radial sorting together with input from laminin α2β1γ1 (Lm211) (97, 98). Recently, laminin α2β1γ1 was identified as playing a negative role in the regulation of myelin formation in SCs (99). Likewise, tumor necrosis factor (TNF)-α-converting enzyme (TACE; also known as ADAM17) was found to cleave NRG1 III within its epidermal growth factor domain which then negatively regulates the formation of the myelin sheath (100).



EphA4

Eph/Ephrin is an important neuronal mediator that is responsible for glial activation, axon guidance and regeneration, and synapse plasticity and formation (101), as well as the regulation of myelin formation (102). EphA4 regulates CNS myelination via the ephrin-A1-EphA4 pathway (103). More recent research suggests that Eph4 negatively regulates the formation of myelin in SCs (104). The results of this study revealed upregulation of EphA4 until 14 days after injury; expression of both MAG and MPZ decreased after peripheral nerve injury, consistent with a role for EphA4 in inhibiting myelin sheath formation. The observed suppression of remyelination may be the result of SC proliferation during the early phases after injury and suppression of the differentiation of SCs at a later stage (40, 104, 105). Although this mechanism inhibits regeneration for an extended period (until 28 days) after injury, its potential to accelerate myelin clearance must also be considered. Collectively, these results suggest that appropriate negative regulation of myelination is beneficial to the regenerative process. Although the mechanisms remain to be clarified, factors that regulate the expression of EphA4 may emerge as new targets for drugs designed to promote myelin removal.



Transient receptor potential vanilloid 4 channels

Transient receptor potential vanilloid 4 is a non-specific calcium-permeable cation channel that is expressed widely and activated throughout the nervous system. One recent study revealed that TRPV4 promoted regeneration via demyelination of static nerves 2 to 14 days after injury (106). Interestingly, Remak SCs express high levels of TRPV4. Notably, TRPV4 gene-deleted mice exhibit delayed demyelination, thereby repressing nerve regeneration and delaying functional recovery. Moreover, the expression of TRPV4 undergoes a significant increase and returns to normal levels at 21 days due to the rapid myelination that takes place during the stage to follow (106). TRPV4-mediated alterations in calcium flux may have an impact on this process (107, 108). Therefore, TRPV4 and/or related calcium channels may be new targets used to treat PNI.

Because demyelination and regeneration are temporally correlated to one another, demyelination may be one factor contributing to the mechanism underlying nerve regeneration. WD and inhibition of myelin regeneration at early stages both have a positive impact on myelin clearance. Furthermore, some signals are dual-functioning with respect to myelin generation; these signals might be explored as a means to promote more effective regeneration. However, the basis of these interactions and/or synergy needs to be investigated further to promote effective treatments of neurological diseases.





Autophagy and myelin clearance

Autophagy is an important pathway used to dispose of and ultimately recycle disordered proteins and discarded cellular structures and is critical for maintaining cell stability (109). At its most basic level, autophagy is necessary to preserve the integrity of cellular structures. The process involves five main steps, including (1) initiation and nucleation, (22) elongation of the membrane, (23) cargo sorting, (24) fusion of the mature autophagosome with lysosomes, and (25) nutrient recycling and renewal (110). Autophagy is one of the critical processes used by SCs to clear tissue debris that accumulates after PNI.


Autophagy in SCs: A crucial process

The results of a recent study by Jang et al. (111) revealed that the primary myelin ovoid contains a fluid-filled axoplasm with a compact myelin sheath and scanty abaxonal cytoplasm that form P (proximal)-fibers. The P-fibers were eventually overtaken by D(degeneration)-fibers, which have been described as hypertrophic SCs that contain several small myelin vesicles associated with the process of degeneration. Agents that inhibit the function of lysosomes delay the transition from P- to D-fibers. These findings revealed that autophagy is essential for the timely clearance of the myelin sheath after PNI; interestingly, this process cannot be completely accomplished by macrophages recruited from circulation. Thus, autophagic SCs are needed to promote the earliest stages of myelin clearance, myelin regeneration, and scar reduction (112).

Autophagy in SCs is activated during development and suppressed once the cells reach a mature stage (111, 113). Although autophagy will be suppressed at maturity, SCs still utilize this function to eliminate unnecessary cytoplasm, thereby maintaining homeostasis (Figure 3).
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FIGURE 3
 Myelin fragments at the site of injury form phagophores which develop into autophagosomes. The autophagosomes then fuse with lysosomes that contain enzymes capable of digesting myelin fragments. The decomposed fragments are then released into circulation. Autophagy in SCs is mTOR independent.


SCs will rapidly switch their transcriptional program to a repair state that promotes the early stages of myelin clearance in response to PNI. Activation of autophagy is a critical component of this transformation (114). Autophagic clearance mechanisms improve the microenvironment, provide basal energy for SC survival (104), and prevent the emergence and recurrence of neuropathic pain (115). Notably, lipids represent 70–80% of the composition of peripheral myelin (116) and lipid droplets have been detected as autophagic cargo (117). Therefore, autophagy is a crucial process involved in nerve repair; impaired autophagy results in reductions in both myelin degradation and remyelination (118).



Main regulators of autophagy and autophagic flux
 
Nerve growth factor

Li et al. reported that levels of autophagy-related (ATG)-7, ATG-5, Beclin-1, and LC3 proteins all increased in response to treatment with exogenous nerve growth factor (NGF) (119). In contrast to the traditional perspective, recent results suggest that the administration of NGF upregulates autophagic activity in SCs, most likely via the p75NTR/AMPK/mTOR pathway. In addition, NGF binds to p75NTR and activates small GTPases to increase the expression of c-Jun. Augmented expression of c-Jun might inhibit the myelination as described earlier. Therefore, the pathways linking NGF and autophagy specifically in SCs may represent novel therapeutic targets for drugs designed to promote nerve regeneration.



SIRT1/Hypoxia-inducible factor 1α

The NAD-dependent deacetylase, Sirt1, plays a critical role in regulating autophagy (120). Recent evidence suggests that overexpression of Sirt1 promotes regeneration and functional recovery via the activation of autophagy (121). Sirt1 promotes mTOR-independent autophagy via the activation of the downstream factor, Hif1α (121). Interestingly, these results suggest that Sirt1 might drive autophagy directly via its capacity to inhibit both mTOR and FOXO (122). Although the precise mechanism involved in this pathway requires further elucidation, it may also represent a target for one or more novel treatment strategies.



CXCL12

CXCL12 is one of the most widely studied chemokines and binds to its specific receptor, CXCR4/7. Administration of CXCL12 elicited positive therapeutic effects in various nervous system diseases (123–126). Of note, CXCL12 enhances autophagy after nerve injury and thus promotes nerve regeneration (126). Specifically, recombinant CXCL12 enhances autophagy in SCs in a time-dependent manner and inhibits the PI3K/AKT/mTOR pathway. Thus, the increased levels of autophagy induced by CXCL12 may be related to its capacity to inhibit mTOR (126).



Calcineurin

Calcineurin is a calcium-dependent serine/threonine protein phosphatase that is composed of calcineurin A (CnA) and calcineurin B (CnB). Cn was originally identified as a regulator of autophagy in lysosomal biogenesis (127). Recent findings reveal that Cn regulates autophagy via the activation of a calcium signaling pathway and transcriptional factor EB (TFEB) (127, 128). Additional evidence documented the role of exogenous trehalose in inducing autophagy in models of motor neuron degeneration (129); Reed et al. reported that CnB might play a critical role in this pathway. Furthermore, CnB gene-deleted mice exhibited a reduced autophagic influx, delayed myelination, and altered radial sorting (130). CnB ablation also impaired translocation to the nucleus, suggesting that Cn was capable of activating autophagy in SCs via the actions of TFEB.

Interestingly, Cn had no significant impact on the development of myelin (130); likewise, most of the other factors that regulate myelin clearance are also not closely associated with the process of myelin formation.



Vacuolar protein sorting family

PI3K vacuolar protein sorting 32 (Pik3c3) contributes to the synthesis of PI3P and is thus crucial for membrane transport and autophagy. The complex nature of PI3P regulation has been considered one of the mechanisms associated with CMT disease. In one recent study, Logan et al. found that mature autophagosomes could not be formed in Vps34-deficient SCs in the absence of PI3P, and thus the process of autophagy would be destroyed (131).

Wang et al. have recently suggested the existence of an ESCRT-Vps4-autophagy pathway that regulates the clearance of cellular debris (132). Vps4 is an ESCRT accessory protein that plays a vital role in regulating axonal autophagic flux. Cellular levels of Vps4 were found to influence the autophagic flux in experiments performed in Drosophila melanogaster. Subsequent studies performed in mammalian models revealed that Vsp4 provided support to the autophagic flux but was not critical for its induction (132). Vps4 was consumed rapidly after injury and may induce the accumulation of autophagosomes and thus impair cellular organization. Therefore, we speculate that Vps4 may have the capacity to promote nerve regeneration via the regulation of autophagy and thus the clearance of myelin debris.



FGF

The basic fibroblast growth factor (bFGF) is a major neurotrophic factor secreted by SCs as well as neuronal cell populations. High levels of bFGF expression can promote numerous functions associated with PNI, including neuroprotection, neurogenesis, and the generation of an appropriate microenvironment (133, 134). Notably, recent studies revealed that the upregulation of bFGF promotes myelin clearance in vitro via the maintenance of an effective autophagic flux at the early stages after PNI (135). Additional studies suggested that bFGF most likely targets the TFEB pathway (135).

In addition, recent evidence suggests that fibroblast growth factor 1 (FGF1) elicits its protective and regenerative effects on SCs due to its capacity to regulate autophagy via peroxiredoxin (PRDX1), possibly in association with the Wnt pathway (136).

Unlike the classical activation of autophagy, which relies on the inhibition of the mTOR pathway, autophagy in SCs is activated by an mTOR-independent mechanism that is regulated by the actions of ceramides on the JNK/c-Jun pathway (114, 118, 137). Activation of this pathway may be synergistic with the inhibitory effect of c-Jun on myelin-associated protein expression in response to acute injury. Interestingly, mTORC1 is necessary for myelin clearance during the post-injury period via its role in promoting the dedifferentiation of SCs and increasing the expression of c-Jun, thereby inhibiting the expression of myelin-related proteins (60). Collectively, these findings may explain how SC-mediated autophagy occurs via an mTOR-independent mechanism.





Other SC-associated mechanisms that promote myelin clearance


TAM receptor tyrosine kinases

Tyro3, AXL, and Mer are among the TAM receptors. Members of this family of receptor tyrosine kinases promote SC-mediated phagocytosis via mechanisms that are similar to those used by macrophages. Interestingly, mouse model strains with defective autophagy remain capable of debris clearance over an extended period. These observations imply the existence of other pathways that can compensate for one or more autophagic defects. Recent evidence from mouse models of PNI suggests that SCs may promote clearance via TAM receptor (Axl/Mertk)-mediated phagocytosis (138). Clearance of myelin debris was impaired in mice devoid of these receptors.


Transcription factor nuclear factor erythroid-2-related factor 2

Transcription factor Nrf2 is activated in response to oxidative stress that develops after PNI. Oxidative stress typically results from a crush injury or chronic neuronal constriction; reactive oxygen species (ROS) are also produced after a transection injury (139–141). Nrf2 is held in the cytoplasm by its Kelch-like ECH-associated protein 1 (Keap1) inhibitor domain. Gene expression is activated via its antioxidant response elements (AREs) (142). When compared to wild-type mice, Nrf2-deficient strains were present with more myelin residue, lower levels of macrophage infiltration, and weak recovery of the neuromuscular junction. Thus, there may be a critical role for a Keap1-Nrf2-ARE pathway (143), and Nrf2 may be a crucial factor involved in promoting the timely clearance of myelin fragments.





Macrophages

After PNI, SCs will call on local macrophages and recruit cells from the peripheral circulation to assist with cleaning the microenvironment. Both resident and infiltrating macrophages provide critical contributions to this process (144) (Figure 4).
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FIGURE 4
 Myelin debris that accumulates after PNI is cleared by macrophages, including resident cells and those recruited locally from the neurovasculature. The infiltrating macrophages are recruited in response to chemokines and cytokines that are expressed by dedifferentiated SCs and resident macrophages.



Contribution of resident and infiltrating macrophages
 
Resident macrophages

Macrophages that are resident cells in peripheral nerves respond to injury and also play an active role in the early stages of peripheral nerve diseases (35, 145). Similar to SCs, resident macrophages are capable of phagocytosis, albeit to a more limited degree (23, 34). However, it is critical to recognize that all resident macrophages do not respond to all injuries. For example, a recent study by Ydens et al. revealed that primarily endoneurial macrophages respond to nerve crush injury (146). In addition to debris removal, resident macrophages secrete monocyte-attracting chemokines and can thus recruit additional macrophages and enhance debris clearance (36).



Infiltrating macrophages

More efficient macrophage recruitment and activation results in improved myelin clearance. Within the first 2 to 3 days after the disruption of the endoneurovascular, macrophages are recruited to and infiltrate the injury site. Macrophage accumulation reaches a peak at approximately 14 days post-injury (36). Circulating macrophages are attracted to the site of injury by inflammatory cytokines and chemokines, including TNF-α, interleukin (IL)-1α, IL-1β, chemokine C-C motif ligand 2 (CCL2), leukemia inhibitory factor (LIF), and pancreatitis-associated protein III (PAP-III) (36, 138, 147). Galectin-1 and galectin-3 are also critical factors involved in macrophage accumulation (147, 148); these mediators are expressed in SCs, nerves, and fibroblasts. Infiltrating macrophages also produce CCL2, TNFα, IL-1α, and IL-1β that collectively serve to augment recruitment and phagocytosis. Decomposition of the blood–nerve barrier (BNB) which isolates the nerve following the recruitment of macrophages is induced by Raf/ERK signaling in dedifferentiated SCs (69). A full discussion of several related mechanisms involved in the regulation of macrophage recruitment and activation is included in the sections to follow.




Macrophages associated mechanisms promoting myelin clearance
 
Complement system

The complement system plays a critical role in modulating the impact of macrophages responding to a PNI. After an injury, the complement system can be activated through either classical or alternative pathways (149, 150). Complement component 3 (C3) and its receptor, complement receptor 3 (CR3), are central mediators of myelin clearance. CR3 expressed on the macrophage surface binds to the degenerating myelin sheaths and initiates phagocytosis (151). Phagocytosis is delayed in cells that have been treated with soluble (s)CR1, which is an inhibitor of both the classical and alternative pathways of complement activation (150). Recruitment and activation of macrophages are also suppressed in C3- (152), C5-, and C6-deficit mice (150, 153); myelin seems to remain intact in the C6-deficient strain (150). Collectively, these results suggest that the complement system contributes directly to SC- and macrophage-mediated myelin clearance.



Calcium-binding proteins S100A8 and S100A9

Calcium-binding proteins S100A8 and S100A9 activate inflammation and may initiate an acute phase response and a chemotactic gradient that precedes the main inflammatory response (154). Both S100A8 and S100A9 are upregulated in response to injury, specifically in both proximal and distal segments in nerve transection models. As these proteins are both toll-like receptor (TLR)4 ligands (155), their expression results in the induction of additional pro-inflammatory genes in SCs, including partial chemokines, inflammatory cytokines, and matrix metalloproteinases. These factors result in the infiltration of circulating macrophages at the injured site (154).



Toll-like receptors

Toll-like receptors (TLRs) are strongly induced in response to acute injury and play essential roles in the PNS (29). TLRs are expressed on the surface of resident macrophages and can be activated by endogenous ligands that initiate an innate immune response. Mice devoid of TLR2, TLR4, or myeloid differentiation factor 88 (MyD88) exhibited diminished macrophage recruitment due to impaired expression of CCL2 and IL-1β compared with their respective wild-type strains (156). The activation and recruitment of macrophages are augmented in response to the administration of TLR agonists, although this mechanism is impaired in mice that are TLR or TLR-signaling deficient. For example, Vallières et al. (157) reported that systemic injections of the TLR4 agonist, lipopolysaccharide (LPS), increased both macrophage recruitment and phagocytosis. TLRs respond to both pathogen-associated molecular patterns (PAMPs) (158) and to nonpathogenic ligands, including necrotic cells, heat shock proteins (HSPs 60 and 70), and extracellular matrix (ECM) components (159) that typically accumulate and promote inflammation at the site of a nerve injury site (160). TLR3, TLR4, and TLR7 also contribute to the immune surveillance of the PNS (29). Overall, TLRs provide critical signals that permit the PNS to respond to injury by activating macrophages and initiating myelin clearance.



G protein-coupled receptor Gpr126/Adgrg6

Gpr126/Adgrg6 has been characterized as a critical mediator of nerve development (161) and a regulator of myelin sheath formation (162). However, recent evidence suggests that this receptor plays an essential role in the recruitment of macrophages and ultimately myelin regeneration. Mogha et al. reported that Gpr126 contributed to the regulation of chemokines and TNF-α; levels of downstream targets, including CCL2, CCL3, and CXCL10, are reduced in Gpr126 deficit mice (163). These results suggest that the relationship between Gpr126 and chemokines has a significant impact on the regulation of macrophage recruitment. Notably, c-Jun, a factor known to be involved in regeneration, is upregulated in Gpr126-deficient mice. Therefore, we speculate that efforts to regulate Gpr126 may lead to new strategies for the treatment of PNI (27, 164) and that the Gpr126/Adgrg6 receptor may be targeted to promote the recruitment of macrophages and clearance of myelin debris.



Serum amyloid A

Serum amyloid A is a major component of the acute phase response to injury and infection that induces the production of pro-inflammatory chemokines. While SAA is synthesized primarily in the liver, the generation of SAA at extrahepatic sites may serve to regulate local inflammatory responses (165). SAA can be synthesized in SCs in response to injury and can induce the production of chemokines CCL2 and CCL12. SAA also has functions that are similar to those of chemokines and provides crucial contributions to macrophage recruitment. Expression of SAA is suppressed in IL-6-deficit mice in association with reduced levels of CCL2; these results suggest that SAA may be a key modulator of IL-6-mediated induction of this chemokine. Results from recent reports reveal that SAA is upregulated in SCs 3 days after injury (166) and that this response is significantly diminished in IL-6 gene-deleted mice. Collectively, these results suggest that IL-6 plays an essential role in SAA expression induced in response to injury (166) and that the IL-6-SAA-CCL2 pathway may be a new target that can be exploited therapeutically to regulate macrophage recruitment.



Apolipoprotein D

Apolipoprotein D is a glia-derived apolipoprotein that is required for a timely and effective response to injury (167, 168). As reported in a previous study, the role played by ApoD in response to nerve injury is associated with the dedifferentiation SCs (169). Myelin clearance and regeneration are delayed in injured nerves from ApoD-deficient mice; these results suggest that ApoD may play a crucial role in promoting myelin clearance. The report further demonstrated that the number of macrophages at the injury site was related to levels of ApoD, which in turn had a substantial impact on myelin clearance (169). The rates of both macrophage recruitment and myelin clearance were reduced in ApoD gene-deleted mice. Expression of the effector molecule, galectin-3, was also influenced by ApoD (169). The results of this study suggested a negative feedback mechanism in which ApoD regulated the production of factors associated with TLR activation, including CCL2 and TNF-α, and thus controlled for the potential over-recruitment of circulating macrophages (169). ApoD also helps to promote efficient myelin degradation; while myelin-positive ApoD-deficient macrophages accumulate more rapidly, these cells accumulate larger myelin particles and require more time to degrade MBP and MAG (169). Overall, the main impact of ApoD on myelin clearance relates to its capacity to recruit and activate macrophages and to promote autophagy via Becn1 (168). Thus, ApoD is another potential target that might be developed for new treatment strategies.



Sox2

The transcription factor, Sox2, limits the myelination of SCs both in vitro and in vivo via its capacity to suppress Krox20 (170). Sox2 also promotes clearance of myelin debris via its capacity to promote macrophage recruitment of macrophages. Long-term expression of Sox2 results in a persistent inflammatory state. Interestingly, while overexpression of Sox2 promotes both proliferation and radial sorting of SCs, it also limits SC-mediated myelination and thus inhibits functional recovery in the PNS (171). While these findings may seem contradictory, they can be understood in light of the development of PNS. Thus, Sox2 may also be a critical therapeutic target via strategies that precisely regulate its expression based on the time elapsed after the acute injury.



Fibroblast growth factor 9

Fibroblast growth factor 9 contributes to the recruitment of M1 macrophages and macrophage recruitment is diminished in FGF9-deficient mice. Ablation of FGF9 also limited the accumulation of CD68-positive and CD86-positive macrophages (172). Consequently, we speculate that FGF9 is a critical factor involved in clearing myelin debris after a PNI.



Phospholipase A2 family

The phospholipase A2 enzyme family includes a calcium-dependent group IVA (GIVA cPLA2) and a calcium-independent group VIA (GVIA iPLA 2). PLA2s regulate phospholipid metabolism, membrane turnover, host defense, and signal transduction (61, 173); these activities have been characterized in the PNS (174). PLA2s play important roles in regulating the metabolic activities of infiltrated macrophages. SCs express both group IVA and group VIA PLAs approximately 6 h after injury. López-Vales et al. (175) reported diminished expression of IL-1β and CCL2 mRNA in nerves devoid of group IVA and group VIA PLA2s in association with a reduction in the number of macrophages. Therefore, this mechanism also needs to be considered as a way to regulate macrophages.



Adhesion molecules

Intercellular cell adhesion molecule-1 (ICAM-1) is a member of the immunoglobulin superfamily that is upregulated in SCs and venous endothelial cells in the nerve tissue that promotes macrophage recruitment (176). ICAM-1 is upregulated in the early stages immediately after injury. Ablation of ICAM-1 results in decreased recruitment of macrophages in response to a transection injury as well as the accumulation of more myelin debris (177). However, this result was not confirmed in experiments performed using a different strain of ICAM-1 gene-deleted mice (178). Further study will be needed to confirm or refute the original findings.

P-selectin is another cell adhesion molecule that is expressed both on blood vessel endothelial cells and activated platelets. The interaction between P-selectin and its ligand, P-selectin ligand (PSGL-1), may promote macrophage recruitment and sustain this cell population at a later stage after injury (179). The expression of TNF-α, IL-6, and other pro-inflammatory cytokines was significantly attenuated in injured nerves from P-selectin-deficient mice (179). These results imply that P-selectin may be an essential mediator of macrophage infiltration.



Microvascular endothelial cells

Results from several recent studies revealed that microvascular endothelial cells are also crucial for the recruitment of macrophages and engulfing myelin debris that accumulates in response to injury (35, 180).

Macrophages are the cells that are primarily responsible for clearing myelin debris that accumulates in response to acute PNI. The processes involved in macrophage recruitment and activation are complex and in need of further research. Among the points not considered in this review, additional consideration of macrophage classification and the unique roles of M1 and M2 macrophages might be warranted. However, the M1 and M2 macrophage phenotypes cannot be determined accurately in cells and tissues from experiments performed in vivo (146). Here, we focused our attention on the activation and recruitment of macrophages under conditions that have been closely associated with myelin clearance. Interestingly, although macrophages are typically the primary mode of myelin clearance, disruption of macrophage recruitment has no clear impact on this process. Results from several studies revealed that neutrophils can also clear myelin debris and can compensate for the absence of macrophages in these circumstances (35). Fibroblasts may also have the capacity to remove tissue debris along with SCs during the early stages of the injury (4, 181).





Exogeneous interventions

Numerous exogenous approaches, listed in Table 1, may be used to promote the clearance of myelin fragments. These approaches are based on the mechanisms associated with myelination (including negative regulation), autophagy, and the role of resident and infiltrating macrophages. These strategies will be discussed at length in the following article and may provide one or more new directions for research undertakings.


TABLE 1 Exogeneous interventions.
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Inhibition of NF-κB

Nuclear factor κB (NF-κB) is a master regulator of the inflammatory response and a mediator in many disease processes. While activation and translocation of NF-κB are essential to promote SC myelination and differentiation in vitro (182, 183), this factor is dispensable for myelination in vivo (3). Previous evidence suggested that NF-κB might be an essential mediator of PNI and that compact remyelination is delayed by short-term suppression of this transcription factor (2). Interestingly, NF-κB inhibition was found to promote regeneration after PNI (2). Therefore, factors that regulate NF-κB activation and translocation may be critical factors associated with the process of myelin removal.



Ascorbic acid

Ascorbic acid, also known as vitamin C, is an essential micronutrient. Recent reports suggest that AA was also important for repairing nerve injury, specifically, both morphological and functional recovery of injured peripheral nerves (184). Other researchers reported that the administration of AA resulted in enhanced levels of c-Jun level and diminished levels of MAG during the early stages of PNI; collectively, these responses all repress myelin formation (4). AA also plays a critical role in macrophage recruitment. The results revealed that AA could enhance macrophage migration and infiltration and thus provide support for a suitable microenvironment (4). Interestingly, AA was also capable of promoting myelination via the activation of DNA demethylation (185). Collectively, these results suggest that AA may be an effective means to promote repair throughout the entire period after nerve injury.



Inhibition of Wnt/β-catenin

The Wnt/β-catenin pathway regulates the expression of myelin-related genes (48). Wnt promotes the myelin gene expression by suppressing glycogen synthase kinase 3β (GSK3β); this will preserve β-catenin which then enters the nucleus. Once in the nucleus, β-catenin interacts with T-cell factor/lymphoid-enhancer factors (TCF/LEF or TCFs) that regulate the expression of myelin-related genes (79).

Notably, GSK3β is an essential factor in the pathway that regulates myelin-related gene expression. In addition, recent evidence suggests that early clearance of myelin debris is enhanced in response to lithium chloride (LiCl) which is a characterized inhibitor of the enzymatic activity of GSK3β (6). An evaluation of the subsequent phase revealed that myelin regeneration occurred in parallel with the findings described in the previous study (5). Thus, GSK3β may be another critical target for therapeutic strategies designed to promote the clearance of myelin debris and ultimately myelin regeneration. Accordingly, the GSK3β inhibitor LiCl may be applied in peripheral nerves as a bidirectional regulator of myelin synthesis. The roles of other GSK3β inhibitors remain to be explored.



Oxysterols

Oxysterol is known for its impact on cholesterol homeostasis and in neurodegenerative disorders including Alzheimer's disease (186) and multiple sclerosis (187, 188). Oxysterol produced in SCs of PNS suppresses the expression of myelin-related genes, Pmp22, and MPZ in experiments performed in vitro (5). Oxysterol treatment of cells expressing high levels of liver X receptors (LXRs) also resulted in significant suppression; these results suggested that these inhibitory effects may be mediated by LXR ligands. Additional evidence revealed that LXR-mediated suppression might be the result of inhibition of the classical Wnt pathway (7). LXRs are likely to be involved in many pathways that promote both physiological and pathological responses in the PNS (189). The aforementioned mechanism might be clarified with additional research.



Low-density lipoprotein receptor-related protein 4

Low-density lipoprotein receptor-related protein 4 is a critical protein that contributes directly to the Agrin-Lrp4-MuSK signaling pathway and is an essential regulator in nervous system development (8). Recent evidence revealed that Lrp4 expressed in SCs may be crucial for the regeneration of axons via an extrinsic mechanism (190). Moreover, Krox20 is downregulated in Lrp4 conditional gene-deleted mice together with low levels of MPZ (9). In this study, mutant mice exhibited superior repair properties and benefitted from the rapid clearance of myelin and proliferation of SCs that resulted from Krox20 downregulation after injury. Exploring a more defined mechanism of inhibition, Krox20 may support a new target for regenerating axons.



Inhibition of liver kinase B1

Liver kinase B1 is asymmetrically localized at the SC–axon interface; this specific localization is dependent on PKA-mediated phosphorylation at Ser-431. LKB1 may be the central regulator of cellular asymmetry in SCs which is a property required to initiate myelination. Accordingly, the expression of Krox20 and MPZ is suppressed in LKB1 gene-deleted mice in association with delayed myelination (10). The LKB1-mutant mice demonstrated hypomyelination and limb handicaps (10, 191). In addition, the LKB1 deficit limits the activation of the tricarboxylic acid cycle (TCA) and thus reduces the production of citrate. Citrate is a six-carbon precursor to many cellular lipids; thus, changes in its intracellular concentration will have an immediate impact on normal myelination (191, 192). Therefore, we hypothesize that in the early stages after injury, LKB1 localization might be modulated by targeting PKA-mediated phosphorylation of Ser431, thereby regulating the process of myelin removal.



Epigenetic modulators

Epigenetic modulators may have an impact on myelin-related gene expression and clearance. For example, the expression of histone deacetylase (HDAC)1/2 was strongly upregulated after PNI. The high expression levels of HDAC1/2 resulted in delayed demyelination and axon degeneration (11). Conversely, deletion of the genes encoding HDAC1/2 delayed the expression of Oct6 and enhanced c-Jun. These events helped to transform SCs into a pro-repair state and to reduce the expression of both Krox20 and MPZ. Moreover, recent results revealed that a brief period of HDAC1/2 inhibition promotes nerve regeneration together with the increased thickness of myelin. Thus, we conjecture that early inhibition of HDAC1/2 promotes regeneration by accelerating phenotype conversion and suppressing myelination during the early stages.

Recently, it has been found that histone deacetylase 3 (HDAC3, a histone-modifying enzyme) acts as an inhibitor of SC myelination (193). HDAC3 was proved with a high-level expression after injury in SCs to suppress the process of remyelination. This overexpression represses the activation of PI3K-AKT and ERK. HDAC3 cooperates with histone acetyltransferase (HAT) targeting TEAD4, described as a new inhibitor of SC myelin growth, which is shown by genomic occupancy analyses (193). Although partial inhibition of HDAC3 led to faster neurological and functional recovery, we currently do not know the contribution of HDAC3 to myelin clearance in the early phase after injury. Still, this possibility function cannot be denied. HDAC3 may play a bidirectional regulatory role in the process of neurological recovery, which needs to be demonstrated by further studies.



Noncoding RNA

Small non-coding RNA 715 (sncRNA 715) originates from ribosomal DNA (rDNA) and was identified as an early inhibitor of demyelination and MBP translation in the CNS (194). Recent results documented that sncRNA 715 was expressed in pro-myelin SCs in PNS where it regulates MBP translation via a mechanism similar to that described in the CNS (12). Although we are not aware of any alterations in sncRNA715 expression in response to injury, we hypothesize that myelin removal might be regulated by exogenous interventions that target sncRNA715. Therefore, strategies that target noncoding RNA may be used to stabilize the microenvironment during the early stages of injury.

Circular RNAs (circRNAs) are non-coding RNAs found in the cytoplasm that regulate transcriptional and posttranscriptional gene expression. While there is little evidence available that documents the role of circRNA in the PNS, recent evidence suggests that they may be functionally associated with processes that regulate autophagy. Zhou et al. (13) reported significant discrepancies in the expression of circRNAs immediately after PNI; the elimination of circRNA.2837 resulted in the amplification of autophagy in primary spinal nerves. Likewise, the downregulation of circRNA in vitro could block static nerve injury by promoting autophagy via targeting miR-34a (13).



Resveratrol

Resveratrol activates autophagy and thus has an impact on many signals that promote or alleviate pathology, including those contributing to nerve injury and CNS/PNS diseases. Although its mechanism of action remains unclear, RSV is believed to promote autophagy via its interactions with signaling pathways associated with mTOR, AMPK, SIRT1, PI3K/Akt, and MAPK. RSV also suppresses the TLR4/NF-κB signaling to activate autophagy, thereby accelerating clearance and promoting regeneration (14). Administration of RSV may thus be an effective strategy for the treatment of PNS and CNS injury.



Rapamycin

In mammals, mTOR is a downstream factor of PI3K/Akt signaling (195) and regulates the formation of myelin and the growth of axons. Results from previous studies revealed that mTOR inhibition activates autophagy and thus promotes the clearance of damaged cellular components and preserves homeostasis (196–198). A study of PNI in rats reported that treatment with the mTOR inhibitor, rapamycin, promotes peripheral nerve regeneration and functional recovery after injury (15). While this may appear to be paradoxical given the role of mTOR in promoting negative regulation of myelin formation, autophagy detected in SCs under these circumstances may be the result of an mTOR-independent pathway. We suspect that this is likely given the timing of intervention after injury; in other words, timely intervention with mTOR inhibitors might enhance myelin clearance.



Epothilone B

While EropB was initially used to treat cancer, additional studies revealed that this agent could promote recovery from CNS diseases (199, 200). The results of recent research suggest that EropB can aid with the structural and functional repair of damaged peripheral nerves (16). In contrast to the aforementioned strategy, EropB enhances autophagy in the PNS and promotes the migration of SCs. This process can be suppressed in the presence of the autophagy inhibitor, 3-MA. Additional research suggests that EropB may provide crucial regulation of this response by suppressing the PI3K/Akt pathway.



Metformin

Metformin is a first-line anti-hyperglycemic agent used to treat type II diabetes mellitus. Metformin has also been used to relieve neurological problems, including neuropathic pain in the spine (201), cognitive decline, and memory loss (202). The results of a recent study reveal that metformin can induce autophagy in the early stages after injury and enhance the number of autophagosomes. This facilitates recovery by increasing the rate and extent of autophagy which results in more effective removal of myelin fragments (17).



Inhibition of β-Site amyloid precursor protein cleaving enzyme 1

β-Site amyloid precursor protein cleaving enzyme 1 is an aspartyl protease known for its role in producing amyloid-β peptides in association with Alzheimer's disease. In the PNS, BACE1 cleaves neuregulin 1 type III (72) and, indirectly, APP (203). Reductions in BACE1 activity in gene-deleted rats enhance the clearance of myelin debris and promote axon regeneration compared to the wild-type (204, 205). By contrast, BACE1 over-expression leads to significant reductions in the length of the regenerated axons as well as the number of neuromuscular junctions (19). Treatment with a BACE1 inhibitor results in improved nerve regrowth and clearance of debris 7 days after a crushing injury (206). This rapid clearance is facilitated by the earlier influx of macrophages that are capable of more effective phagocytosis (79). The mechanisms underlying this response involve the upregulation of both tumor necrosis factor receptor 1 (TNFR1) and its downstream transcription factor, NF-κB, at the distal site of the injury.


E6020

E6020 is a lipid A mimetic and TLR4 agonist that promotes macrophage-mediated phagocytosis of accumulated debris. E6020 also induced cytokine production, activation of intracellular NF-κB signaling, and an overall “activated” macrophage morphology in experiments performed in vitro. Treatment with E6020 resulted in a larger macrophage infiltrate. Although these results cannot be paralleled with LPS, E6020-induced clearance might be controlled in the appropriate range and thus used to limit over-clearance (20).



Inhibition of signal regulatory proteinα

A SIRPα-dependent mechanism suppressed macrophage activation and thus impeded myelin clearance in vivo. Earlier studies revealed that CD47 associated with myelin interacted with SIRPα on macrophages to downregulate phagocytosis in the CNS (207). This interaction, combined with IL-10, constraints inflammation-induced macrophage phagocytosis and thus may protect healthy cells (208). Recent studies have characterized this interaction in the PNS. Injured rats undergoing SIRPα inhibition respond with rapid clearance of myelin, axon regeneration, and repair of the affected nerve. This effect results from blocking the binding between SIRPα and CD47 and removing CD47 from myelin fragments (21).





Conclusion

Regeneration after PNI is influenced by many factors and molecular mechanisms. The extent of the injury and the ability to establish and provide ongoing support for a microenvironment that supports regeneration are among these critical features. Previous studies and clinical strategies have focused primarily on interventions that might promote axonal and myelin regeneration after injury; there has been little to no attention paid to the process of myelin clearance. Here, we discuss several strategies that might be used to promote myelin clearance. Collectively, current evidence suggests that clearance of myelin debris is beneficial for the process of regeneration during the early stages yet harmful if the process has been delayed. An improved understanding of mechanisms associated with myelin clearance after a PNI might contribute to new and effective therapeutic strategies to promote regeneration after injury. These findings will also provide essential contributions to our understanding of demyelinating neural disorders, degenerative diseases, and diseases of the CNS.

There are still many issues that need to be investigated, including the key pathways and the potential range of intervention strategies, as well as the aforementioned paradoxes and negative influences, among others. For example, one study features a nerve regeneration strategy involving partial enzymatic digestion of myelin debris. This mechanism facilitates the rapid removal of debris and creates a favorable microenvironment that has promoted the regeneration of damaged nerves in experimental rat models. However, as reported by Tsuang et al. (108), repair exhibited by the high-dose group was significantly less than that observed among those treated with lower doses. These results also suggest that treatment should be decided on a per-case basis and might focus on the rapid removal of cellular debris. Additional experiments will be needed to re-evaluate and optimize these strategies.
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Background and purpose: After peripheral nerve lesions, surgical reconstruction facilitates axonal regeneration and motor reinnervation. However, functional recovery is impaired by aberrant reinnervation.

Materials and methods: We tested whether training therapy by treadmill exercise (9 × 250 m/week) before (run–idle), after (idle–run), or both before and after (run–run) sciatic nerve graft improves the accuracy of reinnervation in rats. Female Lewis rats (LEW/SsNHsd) were either trained for 12 weeks (run) or not trained (kept under control conditions, idle). The right sciatic nerves were then excised and reconstructed with 5 mm of a congenic allograft. One week later, training started in the run–run and idle–run groups for another 12 weeks. No further training was conducted in the run–idle and idle–idle groups. Reinnervation was measured using the following parameters: counting of retrogradely labeled motoneurons, walking track analysis, and compound muscle action potential (CMAP) recordings.

Results: In intact rats, the common fibular (peroneal) and the soleus nerve received axons from 549 ± 83 motoneurons. In the run–idle group, 94% of these motoneurons had regenerated 13 weeks after the nerve graft. In the idle–run group, 81% of the normal number of motoneurons had regenerated into the denervated musculature and 87% in both run–run and idle–idle groups. Despite reinnervation, functional outcome was poor: walking tracks indicated no functional improvement of motion in any group. However, in the operated hindlimb of run–idle rats, the CMAP of the soleus muscle reached 11.9 mV (normal 16.3 mV), yet only 6.3–8.1 mV in the other groups.

Conclusion: Treadmill training neither altered the accuracy of reinnervation nor the functional recovery, and pre-operative training (run–idle) led to a higher motor unit activation after regeneration.

KEYWORDS
  motoneuron, sciatic nerve, nerve regeneration, misdirected reinnervation, physical exercise, recovery of function


1. Introduction

The ultimate goal of nerve repair is the morphological and functional recovery of the motor and sensory systems. Numerous investigations were conducted in either the sciatic nerve or the common fibular [peroneal] nerve to estimate the quality and quantity of regeneration and recovery of function using retrograde neuronal labeling, stereology, and electrophysiology (1–13), walking track measurements (5, 13–18), and video analysis of gait methodologies (10, 19–22).

Accuracy of motor and sensory reinnervation remains a major challenge after peripheral nerve transection. The regenerating axons tend to re-grow incorrectly and thus miss the original target (23, 24). Although motoneurons preferentially reinnervate motor nerves (25, 26), they do not reinnervate the motor endplates of the original muscle fibers. This misdirection of reinnervation in cranial and spinal nerves dramatically changes the myotopic organization of central motor nuclei (3, 4, 27–34). This results in an auto-paralytic syndrome (24, 35, 36) or other permanent functional deficiencies (3, 4, 35, 37, 38). Since the pioneering work of Otto von Büngner (39), there is considerable, yet contradictory, evidence that rehabilitation after peripheral nerve injury by adequate exercise may contribute to functional recovery (40, 41).

Several researchers have reported a positive effect of training following nerve crush or injury. This training included both an elevated source of drinking water (17, 39, 40, 42, 43) and balance and coordination training (44–46). However, no significant training effect on sensorimotor function was observed after sciatic nerve crush followed by endurance training (47). A detrimental training effect was even reported by van Meeteren et al. (48).

Following nerve axotomy, a beneficial training effect has been described (49–53). No training effect using forearm stimulation or whole-body vibration was seen by Sinis et al. (54) and de Oliveira Marques et al. (55), respectively. A negative training effect, that is, better recovery of the SFI (sciatic functional index) in idle than in trained rats was reported by Rustemeyer et al. (56).

Treadmill training has been used in several previous studies of sciatic nerve transection (45, 52) or sciatic nerve graft (56). This investigation differs from those markedly in two ways: First, no one has previously studied the training effect on healthy animals before a nerve lesion. Does better fitness at the onset of neuronal regeneration make a difference in recovery? Second, we have trained rats until 13 weeks after surgery; only two other investigations report a similar duration of treadmill training. Rustemeyer et al. (56) trained rats for 16 weeks after sciatic nerve graft but only animals with FK506 therapy. Maqueste et al. (49) trained for 10 weeks after peroneal nerve suture but focused on axonal regeneration of mechano- and metabosensitive muscle afferents. For these reasons, this study was designed to analyze the effects of treadmill training on the onset of neuronal regeneration in healthy animals before a nerve lesion and the effects of prolonged treadmill training on functional recovery after sciatic nerve graft.



2. Materials and methods


2.1. Experimental design

All experimental procedures were performed according to the guidelines of the European Union Council (86/609/EU), and all experimental protocols were approved by the Local Animal Protection Committee (Bezirksregierung Köln, Az. 50.203.2-K35, 34/2001). Thirty-two adult, female, and Lewis rats (175–200 g; LEW/SsNHsd, Harlan, Bicester, England) were used for experimentation, and eight age-matched, male Lewis rats were used as congenic nerve donors. Throughout the study, all animals were fed standard laboratory food (Ssniff, D-59494 Soest, Germany) and tap water ad libitum. All animals were maintained on an artificial light–dark cycle of 12 h on and 12 h off.

The experimental animals were divided into four groups of eight rats each: run–run, run–idle, idle–run, and idle–idle. All groups received identical surgery but different physical exercises. They either received treadmill training (run) or no training (idle) for 12 weeks before and/or 12 weeks after the nerve transplant, starting 1 week after surgery. During the 12-week training, walking track analyses were performed to assess the differences in recovery of function. The evoked compound muscle action potential (CMAP) was recorded directly before nerve transection and once again 13 weeks post-transplantation. After the second set of CMAP recordings, retrograde fluorescent labeling was applied to count the number of regenerated sciatic motoneurons and assess the accuracy of reinnervation.



2.2. Physical exercise before surgery

Sixteen experimental rats (run–run and run–idle groups) were trained on a 5-lane treadmill (Panlab LE 8710R; www.panlab.com) for 12 weeks. During the first 4 weeks, each training session (two times per day at 08.00 and 16.00; nine sessions/week) began at a speed of 3 m/min that was gradationally increased to 6, 9, 12, 15, and 18 m/min, and then decreased by the same increments. The animals ran 75 m/session during the first week, 100 m during the second, 125 m in the third week, and 150 m during the fourth week. During weeks 5–12, the animals ran 250 m/session (9 × 250 m/week), reaching up to 30 m/min. All rats adapted to the treadmill well (see results). Pending the 12 weeks, the other 16 experimental rats (idle-run and idle–idle groups) and the eight age-matched donor rats were kept sedentary. Namely, two rats per cage were kept–and allowed to ambulate—in type IIIH cages [L425 mm x W265 mm x H180 mm with 800 cm2 floor area (Bioscape, Rauxel, 44579 Germany)] in the same animal room as the rats in training.



2.3. Sciatic nerve graft

The microsurgery was performed under an operating microscope (Carl Zeiss) after an intraperitoneal injection of 0.05 ml Ketanest/Rompun per 10 g body weight [100 mg Ketanest (WDT, D-30827 Garbsen, Germany) plus 10 mg Rompun (Bayer AG, 51368 Leverkusen, Germany) per kg body weight, that is, 1.0 ml Ketanest 100 mg/ml plus 0.5 ml Rompun 20 mg/ml mixed with 3.5 ml NaCl 0.9%]. In all 32 experimental rats, the CMAP of the sciatic nerve was measured on both the left and the right sides. On the right experimental side, after exposure of the sciatic nerve, a 5-mm long segment of the nerve was excised between the greater trochanter and the sciatic trifurcation. The continuity of the nerve was reconstructed with a 5-mm long fresh sciatic nerve graft from an age-matched, congenic donor rat by applying two 11–0 atraumatic sutures (Ethicon EH 7438G, D-22851 Norderstedt, Germany). For reconstructive surgery, each donor rat was anesthetized (see above), and four 5-mm long segments, that is, two of the left and two of the right sciatic nerve were successively excised and later implanted into four experimental animals. After the excision of the nerve grafts, the donor rats were immediately euthanized by cervical dislocation.

LEW/SsNHsd is an inbred rat strain in which congenic heterologous transplants behave like autologous transplants. Neither in this nor in a previous study (5), we have encountered immune reactions up to 12 weeks after the sciatic nerve transplant. Similarly, automutilation did not occur in the LEW/SsNHsd rats (16, 57, 58).



2.4. Physical exercise after surgery

The run–idle and idle–idle groups were kept sedentary for 13 weeks of axonal regeneration. The run–run and idle-run groups were also kept sedentary for 1-week post-operation to allow for undisturbed wound healing. Then, training was resumed in run–run group (9 × 250 m/week) and was initiated in idle-run group for 12 weeks.

The rats with preoperative training promptly started running again and did not require reinforcement by the electric grid. Training of the idle-run rats was started gradually, exactly as the training in the run–run and run–idle groups before the surgery. All training sessions were closely supervised by Dr. Barham as the veterinarian, and animals that occasionally showed signs of fatigue were excepted from the session.



2.5. Walking track analysis

To estimate the functional recovery of gait, we have analyzed walking tracks strictly identical as described by Barham et al. (5). We used the program FOOTPRINTS [version 1.22, free university license (59)] for measuring the walking tracks and FOOTPRINTS STATISTICS (Robert A. Neiss; version 13-1, free license: neiss.anatomie@uni-koeln.de) for mathematical processing.

The Sciatic Functional Index (SFI) (14, 60) of each rat was calculated from walking tracks obtained 10 times before injury (normal values), immediately after nerve graft (paralysis values), and then a further 12 times post-operation (recovery values). For the recording of walking tracks, we used a 1-m long wooden ramp (30° inclination) with a small dark chamber at the top end. The track was covered with a white paper strip. The plantar surfaces of both hind paws were painted with a solution of black food coloring (mixture of European food colors E135, E104, E110, and E125) made sticky with powdered sugar (15 ml of food coloring + 120 g of sugar powder), and then the rat walked or in the case of lesioned animals rather crawled up the ramp into the top chamber. Footprints of hind paws left a stark contrast on white paper (21, 61); one strip contained seven to eight prints of each paw. The walking tracks were digitized, binarized, and converted to a resolution of 75 dpi as required for FOOTPRINTS.

Using FOOTPRINTS Print Length (PL), Total Spreading (TS, distance from the first to the fifth toe) and Intermediary Spreading (IS, distance from the second to the fourth toe) were measured for each normal (N) left and each experimental (E) right footprint (see Supplementary material 1). For each track, the mean value of 7–8 footprints of the normal side (NPL, NTS, and NIS) and the mean of the experimental side (EPL, ETS, and EIS) were calculated. In addition, the most important factor of the SFI (62), the normal step length, was measured from the left to the right, i.e., the distance from a stance on the normal left hind limb to the forward movement of the experimental right hind limb [Normal To Opposite Foot (NTOF)], and the experimental step length was measured from right to left [Experimental To Opposite Foot (ETOF)]. The lesioned hind limb is weakened and cannot support the body weight during stance as well as the normal hind limb, resulting in an often much smaller ETOF than NTOF. ETOF minus NTOF is a direct measure of limping. The maximal values of NTOF and ETOF of each track were used for the SFI, not the mean (62). Using the average of means of eight tracks, the Sciatic Functional Index (14) was calculated as follows:

[image: image]

The measurements of ~4,100–4,700 footprints of the 616 walking tracks were carried out by specially trained technicians. To prevent observer bias, all mathematical processing was performed by another person, and only after raw data collection of walking tracks and the counting of labeled motoneurons on coded sections had been completed.



2.6. Motor nerve conduction test

Using Neuropack 2 (www.nihonkohden.com), the evoked compound muscle action potential of the soleus muscle was measured on both sides first, immediately before nerve graft (normal CMAP) and second, directly before neuronal labeling (regenerated/contralateral CMAP). Under Ketanest/Rompun anesthesia, the sciatic nerve was exposed at the mid-thigh through a gluteal muscle-splitting incision. A muscle pouch was formed and filled with 3–4 ml of paraffin oil as an electrical isolator. Then, a bipolar needle electrode was inserted into the soleus muscle laterally bypassing the gastrocnemius muscle [see Figures 100, 101 in Greene (63)]. Great care was taken that both uninsulated tips of the electrode had no contact with the gastrocnemius muscle but exclusively positioned in the soleus muscle. A flush-tip monopolar stimulator was placed onto the sciatic nerve directly proximal to the transplant, 5 mm distal to the spine on the control side. The duration of the stimulus was 0.2 ms at the supramaximal intensity of 2.6 mA. The recording analysis time was 20 ms with 10–1,000 μV sensitivity and filters of 20–3,000 Hz. We measured the amplitude (the peak-to-peak height of the main evoked electromyography waveform, excluding late waves) and latency of muscle contraction (delay of the peak wave). All measurements were repeated 10 times.



2.7. Retrograde fluorescent neuronal labeling

Thirteen weeks post-transplantation, sufficient time for sciatic nerve regeneration and muscle reinnervation in rats (1, 3–5), the final walking track was recorded. The animals were re-anesthetized and the second set of CMAP data was recorded on the left and right sides. In addition, on the right side, the common fibular (peroneal) nerve was transected 10 mm proximal to the fibular head, and the soleus branch of the tibial nerve was close to its entrance into the soleus muscle. A few crystals of DiI (1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate; Molecular Probes, The Netherlands; cat, no, D-282) were applied to the proximal stump of the common fibular nerve and some crystals of Fast-Blue (FB; EMS-Chemie, D-64823 Groß-Umstadt, Germany) were applied to the proximal stump of the soleus nerve. Both fluorescent tracers were always applied distal to the transplant site. Care was taken to avoid bleeding and thus blood diffusion of the fluorescent dyes. Figure 1 (intact rat) shows that cross-diffusion of tracers did not occur. Fourteen days later, all rats were transcardially perfused with 4% formaldehyde in 0.1M phosphate buffer of pH 7.4. The lumbosacral spinal cord [L2-S2; the rat sciatic nerve that originates from L4-L6 (64)] was removed and postfixed overnight at 4°C by immersion in the same fixative. The spinal cord was longitudinally cut into a complete series of 36–40 vibratome sections of 50 μm thickness (Leica VT 1000-S), as the fibular communal nerve nucleus and the soleus nerve nucleus encompass 22–30 sections of 50 μm thickness. Then, all sections were collected, mounted, air-dried, and stored in the dark at 4°C until microscopy. Images for neuron counting (1,300 × 1,030-pixel, 3.8 MB) were recorded within the first 24 h after cutting with a Zeiss Axioskop plus ProgResC14 CCD camera (D-07743 Jena, Germany, www.jenoptik.com), using a Zeiss Plan-Neofluar 10x.
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FIGURE 1
 Retrograde labeling of motoneurons in the lumbar spinal cord. (A) Normal rat, without graft transplantation, shows highly ordered columns of motoneurons of dorsiflexor muscles (yellowish-orange) retrogradely labeled by DiI applied to the common fibular nerve and plantar flexor motoneurons (blue) retrogradely labeled by Fast-Blue (FB) applied to the soleus nerve, indicating correct myotopic organization of motoneurons in the ventral (anterior) horn of the lumbar spinal cord (L3-L6). (B–E) These four images demonstrate chaotic and randomly misdirected regeneration of the common fibular and soleus nerves and complete loss of lumbar myotopy in all groups that received a 5-mm allograft nerve transplant. Note the random salt and pepper distribution of the retrogradely labeled motoneurons innervating the plantar flexor (blue labeling) and dorsiflexor (yellow labeling) muscles. Objective 10×, scale bar 1 mm.


Sections were observed through shift-free AHF filter sets: www.ahf.de F11-013 for Fast Blue (FB; blue) and F41-003 for DiI (yellow/orange). Two TIFF images were recorded per field of view. The full length of the labeled motoneuron columns was covered by tiling the image frames. Using Image-Pro Plus 6.3 (www.mediacy.com: Rockville, Maryland USA 20852) and employing the physical fractionator (65), all retrogradely labeled motoneurons with a visible cell nucleus were counted in every second section (66), throughout the spinal cord. The counting of labeled neurons was performed on the operated side in separate and superimposed image files (4, 67). For a detailed discussion of the stereology, see Note on cell counting in: Valero-Cabré et al. (3).



2.8. Statistical evaluation

All values are expressed as the mean ± standard deviation. Separate one-way ANOVA tests were used to analyze the effect of the training groups on the number of spinal motoneurons innervating the dorsiflexor muscles (DiI-label), respectively, the plantar flexor muscle (FB-label) of double-labeled motoneurons (DiI + FB label), as well as the total number of labeled neurons per animal. The training effects on SFI and of the motor nerve conduction tests were analyzed with a repeated measure two-way ANOVA with two factors: (1) Pre- and post-nerve graft and (2) type of training, followed by post hoc Fisher's LSD tests. In all tests, p < 0.05 was considered significant.




3. Results


3.1. General observations on treadmill training

All rats, those with training before nerve injury (run–run and run–idle groups), as well as those with training exclusively after nerve transection and repair (idle-run group), were accustomed to the treadmill. Most of the rats required a single contact with the electric grid before perpetually running on the treadmill during subsequent sessions (except when exhausted, see below). When lifted to the treadmill, the animals jumped rather eagerly into their lanes. The distance of 250 meters per track was performed at a maximal 30 m/min, that is, ~11-min run, including a lower speed of warm-up, a procedure, which was manageable for all rats. However, after two sessions per day, a few trained rats showed signs of exhaustion. These signs included ceasing to run and resting on the disconnected electric grid, especially in the afternoon sessions. With 16 rats in training, that is, 16 × 9 runs = 144 training runs per week, this occurred to ~3–5 rats per week. These rats were immediately returned to the cage, and in all cases of exhaustion, they resumed running—without problems—on the following day. In daily controls by a veterinarian specialist in experimental animal husbandry, exercised rats seemed less prone to obesity and appeared more vigilant than idle animals.



3.2. Regeneration of motoneurons

Ninety-one days after the nerve graft, the animals were reoperated for the placement of electrodes for the second set of motor nerve conduction measurements (see Section 3.4), and subsequently the application of neuronal tracers. During this surgery, no signs of neuroma formation were observed at or distal to the site of the nerve graft.

As in our previous studies (3–5), we retrogradely labeled the transected soleus nerve with Fast Blue (FB) and the cut common fibular nerve with DiI. Hereby, we stained all spinal motoneurons innervating the soleus muscle as an important plantar flexor (FB blue labeling in Figure 1), while DiI (yellow/orange labeling in Figure 1) labeled the motoneurons of most dorsiflexor muscles of the foot and toes (anterior tibialis, extensor digitorum longus and brevis, and extensor halluces longus muscles).

In normal female Lewis rats, 443 ± 74 motoneurons projecting through the common fibular nerve innervating the dorsiflexor muscles, and 106 ± 23 motoneurons projecting through the soleus nerve innervating the plantar flexor muscles can be labeled by this tracer application (5). In all operated groups, the number of dorsiflexor motoneurons dropped to ~350–380, while that of motoneurons innervating soleus muscle decreased to ~85–125 (details see Table 1). In addition, we counted 37 ± 28 double-labeled neurons per rat in the run–idle group but only 10–15 in the other three experimental groups (Table 1). Such double-labeled neurons simultaneously innervate both dorsiflexor and plantar flexor muscles, that is, antagonistic muscles were never observed in normal, non-operated animals—only after nerve injury and regeneration. The change in neuron numbers after nerve lesion and regeneration coincides with dramatic changes in the myotopic organization of neurons.


TABLE 1 Number of retrogradely labeled spinal motoneurons.

[image: Table 1]

In non-operated rats, the perikarya of motoneurons of the dorsiflexor muscles projecting through the common fibular nerve are localized in the lumbar segments L3–L5 as a cylinder-shaped nucleus in the ventral horn close to the white matter. The perikarya of plantar flexor motoneurons projecting through the soleus nerve are found in lumbar segments L5–L6, as a shorter column, more ventrally overlapping the motoneurons of the dorsiflexor muscles (Figure 1, normal rat).

In all operated rats—regardless of the training modality—the myotopic organization was replaced by a chaotic innervation, as previously shown in tracing studies of the regenerated sciatic nerve (3–5). Due to a misdirection of reinnervation, rats of all experimental groups showed evidence of a complete loss of myotopic localization of flexor and extensor motoneurons in the anterior horn of the spinal cord (Figure 1). There was no difference in the number and localization of misinnervating neurons among the run–idle, run–run, idle–idle, and idle-run groups. Separate one-way ANOVA tests showed no significant differences among all training types regarding the number of (1) DiI-labeled motoneurons, (2) FB-labeled motoneurons, and (3) the total number of labeled neurons per animal.

In summary, neither the numbers (Table 1) nor the distribution of labeled motoneurons along with the lumbar spinal cord (Figure 1) indicates any effect of treadmill training on the morphological outcome of neural regeneration.



3.3. Recovery of gait

A total of 616 walking tracks of 32 rats were condensed into the dimensionless Sciatic Functional Index (14). In all rats, the SFI was around zero (−0.2 to 1.4) with a symmetric normal gait (Figure 2, uppermost track) before the lesion of the sciatic nerve. Immediately after axotomy, the total and intermediate toe spreading (ETS and EIS) on the injured side were greatly reduced in all experimental groups. The print length (EPL) was increased compared with data from the intact hind limb (NTS, NIS, and NPL). The animals severely limped with a step length from right to left (ETOF) of almost zero (Figure 2, lower tracks). Immediately after the graft, the SFI dropped to ~−60 (Figure 3), indicating complete paralysis of the transected nerve (14). During regeneration, the SFI should increase with the gradual restoration of muscle innervation (62); however, this did not occur as expected. The SFI remained at a low level, ranging from −35 to −69 (run–idle), −27 to −69 (run–run), −30 to −64 (idle–idle), and −16 to −63 (idle-run), as measured 13 times in a 3–91 day period after nerve reconstruction (Figure 3). There was no indication of recovery of motor function after nerve repair (Figures 2, 3). This holds true for all animals, either trained or kept idle. Repeated measure two-way ANOVA showed (1) no significant difference in SFI values during regeneration from 7 to 91 days after nerve graft and (2) no significant difference between the four training types.
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FIGURE 2
 Walking track analysis. Representative sets of footprints running from left to right. (A) This track was made by a trained normal rat (run–idle 1 day before nerve transplant), with a symmetrical gait and well-splayed toes. (B) The second track presents the completely paralyzed right (operated) hind paw 5 days after the sciatic nerve transplant. The four lowest tracks (C–F) were recorded 13 weeks after sciatic nerve surgery. The upper prints from the second to the last track stem are from the intact left hind paw, and the lower are prints from the misdirectly reinnervated right hind paw. A comparison of the run–idle tracks at 5 and 91 days after nerve transplantation shows no improvement in the motor control of the right foot and the gait pattern. For details on the measurement of footprints, see Supplementary Figure 1.



[image: Figure 3]
FIGURE 3
 Sciatic functional index. This synopsis of the SFI of 616 walking tracks of 32 Lewis rats demonstrates no functional recovery at all. In each group, the SFI drops sharply from the normal value of 0 immediately after the sciatic nerve transplant and does not recover during 91 days of regeneration (mean ± SD, n = 8 rats/groups).




3.4. Motor nerve conduction test measurements

The evoked compound muscle action potential on both, the right and left sides, was recorded in all experimental animals immediately before and 91 days after sciatic nerve reconstruction. In a pilot study in our laboratory, the CMAP amplitude of the soleus muscle was 16.5 ± 2.1 mV and the latency of muscle contraction was 2.1 ± 0.2 ms in six normal Lewis rats. The mean preoperative value of all 32 rats in the present study was 16.6 ± 2.5 mV amplitude and the latency was 2.3 ± 0.2 ms (average of means ± SD). Within each group, there was no apparent difference in the amplitude of CMAP and the latency of muscle contraction between the right and left sides of each animal before sciatic axotomy (Table 2).


TABLE 2 Motor nerve conduction test measurements.
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Thirteen weeks after allograft transplantation, both CMAP amplitude and latency on the left control side were about the same as before the surgery (Table 2). On the right operated side, the amplitude in the run–idle rats reduced to 73% of the preoperative value, but this dropped to 37, 54, or 43% in the run–run, idle–idle, and idle-run, respectively (Table 2 and Figure 4). The latency of muscle contraction on the right operated side was prolonged to 117–134% of the preoperative value (Table 2).
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FIGURE 4
 Motor nerve conduction test (MNCT). The evoked compound muscle action potential of the soleus muscle was measured first immediately before nerve transplantation in all four groups (normal CMAP, A–D), and second 91 days after sciatic nerve transplantation (regenerated CMAP, E–H).


On the left side, that is, the unoperated side repeated measure two-way ANOVA showed (1) no significant difference in CMAP amplitude and latency before and after nerve graft and (2) no significant difference between the four training types.

On the right side, that is, the side of the nerve graft the same tests showed for latency (1) a very significant difference before and after the nerve graft, but (2) no significant difference between the four training types. With regard to CMAP amplitude, the repeated measure two-way ANOVA showed (1) a very significant difference before and after the nerve graft and also (2) a significant difference between the four training types. 91 days after the nerve graft, Post hoc Fisher's test showed no significant differences between idle-run and the three other training groups, but rather surprisingly a significantly higher CMAP amplitude after run–idle training than after run–run (p = 0.012) or idle–idle (p = 0.011).

None of these data indicate a noticeable positive effect of treadmill training on the accuracy of muscle regeneration (Figure 1) and regain of function (Figures 2, 3)—with the exception of the increased CMAP amplitude in run–idle rats (p = 0.04).




4. Discussion

The ideal goal of any peripheral nerve reconstruction by end-to-end suture is to achieve a correct realignment of nerve fascicles and–theoretically–of the proximal and distal stumps of the same axons. While the former is very difficult (68–71), the latter appears impossible. There is no precise guide for the resprouting growth cones of ~7,100 myelinated and 51,000 non-myelinated axons comprising the regenerated sciatic nerve of an adult rat (66). Inadequate pathfinding leads to motor synkinesis, uncoordinated muscle movement, and/or sensory discrimination (36, 72). Previously, we found that the rat sciatic nerve regenerates almost as well with reconstructions delayed up to 1-year post-injury as with immediate nerve repair (5).


4.1. Neuronal regeneration after nerve graft

In the present study, we created a major lesion, that is, 5 mm allograft transplantation, in contrast to the crush lesion of the sciatic nerve performed in other studies (40, 43, 55). After regeneration, the number of spinal motoneurons demonstrated with retrograde labeling in the run–idle group was 94% of the normal values (549) in intact rats, 87% in each run–run and idle–idle, or 81% in idle-run. Hence, the training did not increase the number of regenerated motoneurons 13 weeks after nerve surgery—contrary to reports that are more favorable with shorter regeneration times. Molteni et al. (73) reported that after 3 days of sciatic nerve crush and regeneration, there were ~2 × as many labeled neurons in the trained mice as in the sedentary animals. English et al. (52) concluded that following transection and application of fibrin glue on the sciatic nerve, after 2 and 4 weeks of regeneration, ~120–240 labeled motoneurons were counted in treadmill-trained mice and 20–150 in untrained mice. Overall, these data sets, in combination with ours, suggest that training “enhances” or “accelerates” axon regeneration in the early phase of regeneration but does not improve the final functional outcome.



4.2. Accuracy of muscle reinnervation and assessment of functional outcome

In our study, the quantitative regrowth of motoneuron axons distal to the sciatic nerve graft through the soleus and common fibular nerves was distinctly successful in all rats after nerve repair. However, the qualitative accuracy of reinnervation (Figure 1) and the recovery of motor function (Figures 2, 3) proved unsuccessful. The functional outcome, judged by SFI, was equally poor in all rats, run–idle, idle-run, run–run, or idle–idle. Neither allograft nerve graft (present study), end-to-end nerve suture, or artificial nerve conduit have achieved correct myotopic reinnervation (2, 3, 7, 31–34). Even cut and immediate suture of the thin (< 0.2 mm) buccal branch of the facial nerve in rats in close proximity to its target muscle causes severe misdirection of reinnervation (34). The greatest benefit of motor reinnervation is the restoration of muscle tonus and the reduction of muscle atrophy.

In contrast to our present experiment, a crush lesion of the nerve is a relatively minor injury that does not change the myotopic organization of motoneurons in rats (3) and allows full recovery of the SFI (74). After crush axons presumably resprout rather correctly along with the bands of Büngner (39) back to their original targets due to the guidance of basal lamina tubes (68). Nerve transection, however, interrupts all basal lamina tubes, leads to the mis-sprouting of axonal branches, and destroys myotopic reinnervation (Figure 1) that cannot be compensated by central plasticity (75). In particular, double-labeled neurons, that were never observed in intact animals, simultaneously innervate fibers of the flexor and extensor muscles, and thus cause an antagonistic inhibition, also referred to as auto- or post-paralytic syndrome (3–6, 24, 27, 28, 76).

In several regeneration studies after sciatic nerve crush, forced or voluntary exercise has been reported to improve functional recovery, enhance the return of a sensorimotor function (40), increase sensory axon regeneration (73), promote remyelination of the injured nerve (77), and enlarge myofibril cross-sectional areas and diminish collagen around muscle fibers (46). Staircase training has improved task-specific performance as well as nonspecific motor and sensorimotor activities following the contusion of the rat spinal cord (78). Our long-term data after nerve graft that entail complete transection of all nerve fibers greatly differ from these more favorable results after sciatic nerve crush (40, 46, 73, 77). But why? If our training regime had negatively influenced regeneration, the animals in the idle–idle and the run–idle groups should have yielded better outcomes than run–run and idle-run rats. This was definitively not the case (Figure 3 and Table 2). Our neuronal labeling data prove that neural regeneration was complete and poor functional recovery due to neither lack of repair [compare also (79)] nor overt errors during the procedure. Hence, treadmill training, apparently independent of stress, does not alter the recovery of function after complete transection and regeneration of the sciatic nerve. The only favorable new data of the present study is the beneficial effect of preoperative training on the CMAP of the reinnervated muscle. The amplitude of CMAP was about 16.4 mV in healthy intact rats. This value was dramatically decreased and the difference was statistically significant after 91 days of regeneration in all experimental groups with the exception of the run–idle group. The run–idle group exhibited better contractility and strength of the soleus muscle compared with other groups. Our data prove that physical fitness due to exercise before nerve injury has a beneficial effect on healing—indeed a better effect than physical exercise during regeneration.




5. Conclusion

Our data confirm with long observation times, ensuring complete regeneration, that treadmill training after sciatic nerve injury has neither beneficial nor harmful effects on muscle reinnervation and recovery of motor function. We obtained no evidence that treadmill training improves the accuracy of reinnervation.
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SUPPLEMENTARY FIGURE 1
 Footprints. The left side (A) shows the footprints of a normal, intact rat 1 day before sciatic nerve graft; the right side (B) shows the footprints of a rat 13 weeks after 5-mm sciatic nerve graft on the right experimental side. EIS, Experimental Intermediary Toe-Spreading; EPL, Experimental Print Length; ETOF, Experimental To Opposite Foot; ETS, Experimental Total Toe-Spreading; NIS, Normal Intermediary Toe-Spreading; NPL, Normal Print Length; NTOF, Normal To Opposite Foot; NTS, Normal Total Toe-Spreading.
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Peripheral nerve injuries (PNIs) that consist of simple nerve severance often result in severe motor impairment and permanent loss of function. Such patients face significant costs and pose major burdens to healthcare systems. Currently, the most promising surgical technique to achieve the best clinical outcome after such PNIs is immediate primary coaptation of severed nerve ends by microsutures (neurorrhaphy). However, recovery is often poor and delayed for many months due to Wallerian degeneration (WD) and slow (1–2 mm/day) axonal outgrowths from severed proximal axons that may not properly reinnervate denervated afferent/efferent targets that have atrophied. In contrast, recent pre-clinical studies using polyethylene glycol (PEG) to facilitate primary nerve repair have greatly improved the rate and extent of sensory and motor recovery and prevented much WD and muscle atrophy. That is, PEG-fused axons rapidly establish proximal–distal axoplasmic/axolemmal continuity, which do not undergo WD and maintain the structure and function of neuromuscular junction (NMJ). PEG-fused axons rapidly reinnervate denervated NMJs, thereby preventing muscle atrophy associated with monthslong denervation due to slowly regenerating axonal outgrowths. We now describe PEG-mediated fusion repair of a digital nerve in each of two patients presenting with a digital laceration resulting in total loss of sensation. The first patient’s tactile perception improved markedly at 3 days postoperatively (PO). Two-point discrimination improved from greater than 10 mm at initial presentation to 4 mm at 11-week PO, and the Semmes–Weinstein monofilament score improved from greater than 6.65 to 2.83 mm, a near-normal level. The second patient had severe PO edema and scar development requiring a hand compression glove and scar massage, which began improving at 11-week PO. The sensory function then improved for 4 months PO, with both two-point discrimination and Semmes–Weinstein scores approaching near-normal levels at the final follow-up. These case study data are consistent with data from animal models. All these data suggest that PEG-fusion technologies could produce a paradigm shift from the current clinical practice of waiting days to months to repair ablation PNIs with autografts, anucleated nerve allografts, or conduits in which the patient outcome is solely dependent upon axon regeneration over months or years.
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Introduction

Peripheral nerve injuries (PNIs) often produce impairments leading to long-term disabilities (Ruijs et al., 2005). Continued advances in surgical devices and procedures for nerve repair have had marginal success with patient satisfaction in motor recovery as low as 51.6% (Ruijs et al., 2005). Although limited data are available on their incidence, PNIs can lead to significant motor impairment and permanent loss of function, resulting in extraordinary costs and burdens to healthcare systems (Lundborg, 2005; Rosberg et al., 2005; Campbell, 2008; Brushart, 2011). Primary coaptations of severed proximal and distal nerve ends using microsutures (neurorrhaphy) currently produce the best outcomes clinically and in experimental animals, but recovery is still markedly delayed and poor due to Wallerian degeneration (WD) and slow nerve outgrowth at 1–2 mm per day often producing non-specific (if any) reinnervation of original sensory and motor target tissues (Mailander et al., 1989; al-Ghazal et al., 1994; Campbell, 2008; Brushart, 2011). This delayed reinnervation also limits recovery after neurorrhaphy due to muscle atrophy and loss of denervated end organs (Donaldson et al., 2002; Brushart, 2011). For example, an M3 motor grade (against gravity without resistance) and less than 15 mm two-point discrimination qualify as successful clinical outcomes.

Polyethylene glycol (PEG) has been used for its membrane fusogenic properties for many decades to make cell hybrids (Roos et al., 1983) and as an intravenous treatment for hemophiliacs (Johnson et al., 1971). Its fusogenic properties have successfully been applied to invertebrate giant axons and mammalian PNS and CNS axons ex vivo and in vivo (Bittner et al., 1986, 2012, 2016, 2022; Krause and Bittner, 1990; Lore et al., 1999; Donaldson et al., 2002). PEG-fusion repair of severed axons combined with primary nerve coaptation immediately and randomly joins (fuses/repairs) severed distal and proximal axonal ends to re-establish the structural and functional/electrophysiological continuity of 40–60% of severed myelinated axons across the lesion site. Successfully, PEG-fused axons do not undergo WD and exhibit minimal delamination or other changes in their myelin sheaths. PEG-fusion repair of singly cut PNIs immediately reinnervates many muscle fibers and sensory receptor endings. This rapid reinnervation is non-specific and produces immediate functional recovery of compound (nerve) action potentials and compound muscle action potentials but not immediate recovery of voluntary behaviors. Recovery of useful sensory/motor functions and voluntary behaviors takes 2–6 weeks and extensively involves many PNS and CNS plasticities (Mikesh et al., 2018a,b; Ghergherehchi et al., 2019; Bittner et al., 2022). The 40–60% of axons not PEG-fused undergo WD within 7 days and regenerating outgrowths arise from the severed ends of surviving proximal axons connected to their sensory cell bodies in dorsal root ganglia or motor cell bodies in the spinal ventral horn.

In this case study report, we apply the success of PEG-fusion previously demonstrated in animal models (Lore et al., 1999; Bittner et al., 2012, 2016, 2022; Bamba et al., 2016; Mikesh et al., 2018a,b) to present one of the first patient series in 2017–2018 in the United States to undergo FDA-approved PEG-fusion of human peripheral nerves.



Case presentation

The trial was approved by the WellSpan Health Institutional Review Board. Trial registrations, www.clinicaltrials.gov NCT03236064. IND 118873 for PEG, were approved by the FDA. All participants provided written informed consent. The patients presented here are the first cases in our study series. Selection criteria were patients with a sharp, clean laceration and the ability for primary repair without tension within 24 h of the injury. Exclusion criteria were patients with traction injuries, inability to repair the nerve within 24 h, and the inability to primary repair without tension. We used two-point discrimination (2PD) and Semmes–Weinstein monofilament (SWM) tests (Bell-Krotoski et al., 1995; Silva et al., 2014). In brief, the normal range of digital 2PD is 2–8 mm, and 2.83–3.61 SWM sizes constitute a normal response.

All patients that met the inclusion criteria were given the opportunity to participate in our study. Patients were administered standard general anesthesia. The wounds were explored using loupe magnification. The nerve repairs were performed under the operating microscope. For our PEG-fusion protocol as published for the repair of singly cut rat sciatic nerves (Table 1), we irrigated the repair site with a calcium-free hypotonic solution (50% v/v normal saline in water) and used 9-0 nylon epineurial sutures to coapt the nerves. Methylene blue (1%, Faulding, Aguadilla, Puerto Rico) was then applied to the coapted site. PEG 50% w/w in sterile distilled water was subsequently added for 2 min to promote the fusion of the axolemmal leaflets. The lesion site was then irrigated with Lactated Ringer’s Injection solution (Hospira, Lake Forest, IL, USA) to completely remove the PEG and enhance axonal repair, that is, Lactated Ringer’s solution contains calcium, which helps seal any remaining holes in PEG-fused axons and seal the cut ends of any axons that did not successfully fuse (Table 1). The wounds were then closed with 4-0 nylon sutures, and the patients were splinted to facilitate recovery.


TABLE 1    Polyethylene glycol (PEG)-fusion protocol for repairing singly cut peripheral nerve injuries (PNIs).

[image: Table 1]

Patient #1: A 35-year-old, right hand dominant, female patient lacerated her left index finger on a broken mirror at 1,500 h on 18 February 2017 and went to the emergency room secondary to a loss of sensation on the radial aspect of her left index finger. The laceration was on the radial side of the metacarpophalangeal flexion crease 7.5 cm from the tip of the finger. Her previous medical history included a storage pool defect, endometriosis, polycystic ovarian disease, and an adrenal mass. She smoked approximately half pack per day. The evaluation in the emergency room demonstrated no sensation present on the radial side of the index finger from the point of the laceration to the distal tip of the finger, with a 2PD response of greater than 10 mm and SWM response of greater than 6.65 mm. Noxious stimuli were applied by a 25-gauge needle and stabbed along with the radial aspect of the finger, including the pulp, without any perceived sensation. The sensation was intact and normal on the ulnar aspect of the index finger with 4 mm 2PD of 4 mm and 3.61 mm SWM.

Informed consent was obtained from patient #1 for PEG-fusion repair of the digital nerve, and the patient was then taken to the operating room at 0830 on 18 February 2017, i.e., within 24 h of injury. As observed under operating microscope high powered magnification, 50% of the radial digital nerve was lacerated, and the radial half had two clean-cut fascicles with a separation of less than 2 mm. Both the proximal and distal ends were easily identified and could be perfectly aligned. The epineurium was easily approximated, creating a direct fascicle-to-fascicle contact without bunching or axonal escape. The radial digital artery and flexor tendon sheath were intact. Post-surgery, the patient was placed in a protective dorsal blocking splint maintaining the index and middle fingers in the intrinsic plus position. The total time elapsed from the laceration to repair was 17.5 h.

Patient #1 had subjective feeling in the tip of her index finger and responded to noxious stimuli at the time of discharge 1–2 h PO, and the results were notably better than her pre-operative evaluation. By 3 days PO, the largest type A fibers of the fingertip had some recordable sensation using SWM of 4.56 at the distal tip [The SWM examination demonstrated no sensation prior to intervention]. However, at 3-day PO, she initially complained of dull aching, some hypersensitivity, and lacked normal thermoreception, perceiving cold as wet. Her 2PD continued to improve over the next 70 days (Figure 1A). Her 2PD and SWM scores returned to near baseline levels by 80-day PO, which remained stable for 2 years PO (Figures 1A, B). At the last postoperative visit, the patient experienced cold stimuli as wet, suggesting that the smaller type Aδ and C fibers were altered, resulting in a lack of thermoreception.


[image: image]

FIGURE 1
Polyethylene glycol (PEG)-fusion 2PD and Semmes–Weinstein monofilament (SWM) scores on the injured site (red, solid line) and on the uninjured site (blue, dotted line) plotted versus postoperatively (PO) days for Patient #1 (A,B) and Patient #2 (C,D).


Patient #2: A 35-year-old male patient lacerated the palmar aspect of his left hand when cleaning a teapot, when it shattered (15 October 2017). Patient #2 reported copious bleeding that could not be controlled with a towel wrap. He called EMS and was brought into the emergency department with two forearm tourniquets in place. His past medical history was significant for anxiety and depression. His current medications were Paxil. The evaluation in the ER revealed a 3 cm transverse laceration at the base of the thenar eminence. Allen’s test was abnormally consistent with ulnar artery laceration. There was no sensation in the thumb, index, or middle fingers with 2PD greater than 10 mm. His 2PD on the small finger and ulnar aspect of the ring finger was 5 mm.

Informed consent was obtained from Patient #2 for PEG-fusion repair of the digital nerve, and he was taken to the operating room within 24 h of the injury. Exploration was performed under loupe magnification. The ulnar artery was completely lacerated and repaired with 8-0 nylon suture. The median nerve was completely lacerated within the carpal tunnel just proximal to its branching. Intraoperative nerve stimulation confirmed motor branch laceration and location. Accurate fasciclular alignment was achieved, and epineural repair was performed under the operating microscope with three 8-0 nylon sutures. Tension-free repair was noted with the wrist in 20° of flexion and full finger extension; he was placed in a posterior splint maintaining wrist flexion of 20° but allowed finger motion.

At 6 days PO, the 2PD of the thumb, index, and middle fingers was all greater than 10 mm. Thumb palmer abduction was weak. At 13-day PO, pinprick sensation was intact on the palmer aspect over the proximal phalanx of the index and middle fingers; 2PD was still greater than 10 mm at the finger pulps. At 21-day PO, Patient #2 demonstrated no improvement. At 35-day PO, his 2PD was 8 mm on the radial aspect of the ring finger and greater than 10 mm for the thumb, index, and middle fingers. His splint was discontinued and therapy (hand compression and glove and scar massage) commenced due to significant edema and scar development PO. At 8-week PO, Patient #2 reported painful stimuli from a splinter in one of his fingers and was able to perceive heat. His 2PD was 8 mm for the ring finger and greater than 8 mm for the thumb, index, and ring fingers (Figures 1C, D). At 4-month PO, Patient #2 reported continued improvement in sensation to affected digits, but his 2PD remained greater than 8 mm; his SWM was 6.65. At 11-month final follow-up, his SWM was 4.31 for the thumb, index, and middle fingers and 2.83 for the ring and small fingers (Figures 1C, D). There were no documented adverse events related to the PEG-fusion procedure through 11-month PO.



Discussion

Patient #1 had a clean partial laceration to a pure sensory nerve. This minimally traumatic injury to an unifunctional nerve made PO assessments easier than if a mixed motor and sensory nerves were severed. This injury also allowed us to observe the outcomes of various sensory nerve fiber types, for example, mechanoreceptors, thermoreceptors, and nociceptors. At a rate of ∼1 mm per day, the proximal portion of the nerve should have taken 75 days to regenerate to begin to reinnervate terminal end organs. However, Patient #1 showed marked improvement in recovery time with recordable SWM and 2PD values as early as 0–20 days PO and a return to normal values by 70 days PO.

Patient #2 had a complete laceration of a mixed sensory and motor nerves. His motor recovery was more difficult to assess since he had weak abductor pollicis brevis function on presentation (indicating dual innervation). Patient #2 was lost to hospital follow-up for almost 4 months PO but was tested independently at 11 months by a nurse practitioner educated in proper SWM assessments. His 2PD was not collected, but his SWM was 4.31 at the thumb, index, and middle fingers and radial half of the ring finger. The ulnar half of the ring finger was 2.83. Subjectively, the patient was pleased with his result and continued to note improvement in sensation.

To our knowledge, there is only one other published international case study of PEG-fusion (Bamba et al., 2016) performed on four digital nerve transections in two patients, one boy (aged 16 years) and one girl (aged 17 years). All four nerve injuries were sharp complete transections and repaired without complications within 12 h post-injury. In both patients, gross sensation was observed within 1–3 weeks, comparable to our digital nerve laceration in which gross sensation was perceived almost immediately.

Human and experimental pre-clinical data on the repair of severance type PNIs by neurorrhaphy alone are remarkably similar, as human and experimental pre-clinical data are on the repair of severance type PNIs by neurorrhaphy with PEG-fusion technology. That is, the repair of severance type PNIs with neurorrhaphy alone produces (Campbell, 2008; Brushart, 2011; Bittner et al., 2012, 2016, 2022; Mikesh et al., 2018a,b):


(1)Immediate loss of axonal integrity so that action potentials are no longer conducted from the CNS to the periphery or from the periphery to the CNS across the injury site (s).

(2)Immediate loss of sensation and muscle function in the affected area, for example, the region of the limb previously innervated by the severed nerve distal to the injury site.

(3)Irreversible WD within 3–7 days of axons distal to the injury site.

(4)Atrophy of muscle in the region of the limb previously innervated by the severed nerve distal to the injury site often occurs before reinnervation.

(5)Poor behavioral recovery after months/years. Any sensation/functional recovery exclusively occurs using natural regeneration from surviving proximal axonal stumps that grow out at 1–2 mm/day. These phenomena are very similar to those observed for humans in clinical settings.



In contrast to (1)–(5) listed above, experimental animals having cuts repaired by neurorrhaphy and PEG-fusion exhibit (Bittner et al., 2012, 2016, 2022; Mikesh et al., 2018a,b):


1*)Axonal integrity rapidly (within minutes) restored as assessed by (a) conduction of extracellularly recorded compound action potentials (CAPs) intracellular dye diffusion in both directions across the lesion site(s), (b) conduction of compound muscle action potentials (CMAPs) to muscle groups distal to the lesion, (c) retrograde fast axonal transport restored 0–2 days postoperatively (PO) following PEG-fused single cut lesions or 14–17 days PO following PEG-fused ablation lesions.

2*)Neuromuscular junctions (NMJs) continuously maintained, as measured by CMAPs confocal immunohistochemistry, TEM, counts of innervated muscle fibers, and evoked muscle twitches.

3*)No WD of distal segments of many host or donor graft axons, as assessed by photon microscopy and TEM of cross and longitudinal sections.

4*)Reduced atrophy (compared with controls) of muscle fibers, as assessed by TEM.

5*)Functional/behavioral recovery restored within days to weeks to levels that can approach that of unoperated animals, as measured by the Sciatic Functional Index (SFI), a commonly used behavioral measure primarily determined by fine sensory and motor control of distal muscle masses responsible for toe spread and foot placement.



The sensory aspects of phenomena in experimental animals are similar to those reported for our two patients and those of Bamba et al. (2016).

One potential drawback to PEG-fusion is its lack of initial specificity in mixed nerve repairs. That is, motor axons can be fused with sensory. While this efferent/afferent mismatch is possible, the degree could be limited by two mechanisms. The first would be accurate fascicle alignment. Knowledge of peripheral nerve topography has revealed motor/sensory segregation. While it is not possible to 100% accurately align the fascicles, the use of the operating microscope and nerve surface landmarks should achieve alignment sufficient to allow motor/sensory nerve groups enough overlap to achieve target success. The other mechanism is 40–60% of axons in a nerve are typically repaired by PEG-fusion (Mikesh et al., 2018a,b). The axons that do not fuse can regenerate in the usual fashion and produce improvement in sensory perceptions, as observed in both patients, that is, Patient #2 demonstrated marked improvement in sensation at 11-month PO, and Patient #1 showed rapid improvement in SWM values but slow improvement in 2PD values.



Conclusion

Our clinical data suggest that PEG-fusion repairs of PNIs have the potential for much improved clinical outcomes when compared with traditional coaptation repairs, especially in proximal mixed motor/sensory nerves. The adoption of PEG-fusion to treat PNIs would constitute a paradigm shift not only in functional outcomes but also in clinical care. While there is no consensus on the post-injury timing for addressing transection PNIs (Pan et al., 2020), current clinical practices with PNIs are often to wait days or weeks following the PNI before repairing (Campbell, 2008). This practice of waiting to address the PNI is not a clinical necessity and outcomes with PNIs addressed at different times within weeks of the injury do not differ (Jones et al., 2018). Thus, while delayed repair (days–weeks post-PNI) can be helpful for more clearly assessing the extent of nerve damage and more favorable scheduling of procedures, it is not a necessary clinical practice—particularly for those patients with complete lesions where the need for surgery is already certain, which is the initial target patient population for the PEG-fusion technology. While outcomes with current technologies do not require early intervention, the benefits of immediate reinnervation through PEG-fused axons in patients would warrant a shift in clinical practices toward treatment within 72 h or less (determined by experiments on experimental animals). Most other clinical practices associated with the treatment of PNIs, such as controlling neuropathic pain, would likely be the same (Dworkin et al., 2003).
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Introduction: Peripheral nerve defect is a difficult disease to treat in clinical practice. End-to-side anastomosis is a useful method to treat it. At present, the end-to-side anastomosis method does not involve the proximal nerve, which results in a waste of proximal donor nerves, and even the formation of traumatic neuromas at the proximal end. The patients suffer from traumatic neuralgia and the curative effect is unsatisfactory.

Methods: In this study, an improved end-to-side anastomosis technique was proposed in this study: both the proximal and distal ends of the damaged common peroneal nerve were sutured to an adjacent normal tibial nerve. Moreover, the possible role and mechanism of the proposed technique were explained at the physiological and anatomical levels. In this study, a 10 mm common peroneal nerve defect was made in SD rats, and the rats were randomly divided into three groups. In Group I, the distal end of the common peroneal nerve was attached end-to-side to the fenestrated tibial nerve adventitia, and the proximal end was ligated and fixed in the nearby muscle. In Group II, the tibial nerve adventitia was fenestrated and the epineurial end-to-end anastomosis surgery was performed to suture the proximal and distal ends of the common peroneal nerve. Rats in Group III were taken as control and received sham operation. Twelve weeks after the operation, the recovery of the repaired nerve and distal effector functions were examined by the sciatic functional index, electrophysiology, osmic acid staining, the muscle wet weight ratio, and the muscle fiber cross-sectional area.

Results: It was found that these results in Group II were similar to those in Group III, but better than those in Group I. Through retrograde tracing of neurons and Electrophysiological examination in Group II, the study also found that the proximal common peroneal nerve also could establish a connection with tibialis anterior, even gastrocnemius.

Discussion: Therefore, it is inferred that fostering both the proximal and distal ends of defective peripheral nerves on normal peripheral nerves using the end-to-side anastomosis technique is a more effective approach to repairing injured nerves.

KEYWORDS
peripheral nerve defect, end-to-side anastomosis, functional recovery, effective approach, repair mechanism


Introduction

Peripheral nerve injury can cause sensory and motor dysfunction, and delayed treatment will lead to poor prognosis and even lifelong disability (1). According to the severity and nature, peripheral nerve injury can be divided into nerve conduction dysfunction, nerve axon interruption and nerve rupture. After the peripheral nerve ruptures, pathological changes occur in nerve fibers, neuronal bodies and target organs (1–3). At present, common methods for repairing peripheral nerve injuries include neurolysis, nerve suture, nerve transplantation, nerve transfer and nerve implantation. With the development of orthopedics and microsurgery technology, progress has been made toward repairing peripheral nerve injuries (4, 5). However, further improvement of the repair effect is required, especially for large segmental peripheral nerve defects. The interrupted connection between the injured proximal and distal nerve fibers makes the repair more difficult in clinical treatment (6, 7).

One method to repair peripheral nerve injuries is end-to-side anastomosis, which sutures the distal end of the injured nerve to the side wall of the adjacent healthy nerve trunk. In this way, the injured nerve can regenerate and the function of the target organ can restore. Since it was proposed, end-to-side anastomosis has attracted increasing attention (8, 9). However, this repair method has some demerits. The disuse of the injured proximal peripheral nerve gives rise to a waste of donor nerves and proximal traumatic neuromas. The neuromas further result in pain and discomfort, and worsen the repair effect (10). To solve this issue, some scholars have modified the end-to-side anastomosis method, and fostered the injured proximal peripheral nerve on the side wall of an adjacent normal nerve. The updated method was proven effective in repairing injured peripheral nerves (11). Nevertheless, there are few studies on the improved method, so its specific repair effect and possible mechanism require further elaboration.

In view of this, an SD rat model with a large segmental common peroneal nerve defect was established in this paper. Besides, the improved end-to-side anastomosis technique was used to suture both the proximal and distal ends of the damaged common peroneal nerve to an adjacent normal tibial nerve. The functional recovery of the injured common peroneal nerve and its effector 12 week after repairing, and the connection between the repaired nerve and motor neurons in the anterior horn of the spinal cord were examined. The purpose of this study is to preliminarily explain the possible role and mechanism of this method at physiology and anatomy levels.



Materials and methods


Animal models

Eight-week-old 150–180 g SD rats were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The operation was carried out following the Guidelines for Ethical Review of Animal Welfare in China (GB/T 35892-2018). All experiments were approved by the Medical Ethics Committee of Peking University People's Hospital (Permit Number: 2020PHC015, 3/1/2019). The rats were anesthetized with sodium pentobarbital intraperitoneally (Merck, Darmstadt, Germany; 30 mg/kg) before random grouping. In Group I (n = 9), the distal end of the common peroneal nerve was coapted end-to-side to the fenestrated tibial nerve adventitia, and the proximal end was ligated and fixed in the nearby muscle. In Group II (n = 9), the tibial nerve adventitia was fenestrated and epineurial end-to-end anastomosis was performed to anastomose the proximal and distal ends of the common peroneal nerve. Rats in Group III (n = 9) were taken as control and underwent sham operation. After awakening, the rats were fed in groups, and food and drinking water were automatically supplied. A 12:12 light/dark natural circle was adopted in the feeding environment.



Sciatic functional index test

The motor function of rats was measured by the CatWalk XT gait analysis system (Nodus, Netherlands), which can automatically record the motion parameters. The camera was placed at the correct position and corresponding rat parameters were setup. Before recording, the rats were trained to be familiar with the running environment. All rats in different groups were recorded automatically. The calculation formula of sciatic functional index (SFI) is SFI = 109.5 (ETS–NTS)/NTS – 38.3 (EPL–NPL)/NPL + 13.3 (EIT–NIT)/NIT – 8.8. SFI is a reliable method for the assessment of the extent of injury and the degree of recovery of the sciatic nerve of the rat. E: experimental; N: normal; PL: print length from heel to longest toe; TS: total spread, or the transverse distance between the 1st and the 5th toes; IT: intermediate toes, or the transverse distance between the 2nd and 4th toes.



Neuroelectrophysiological detection

The compound action potential of gastrocnemius and tibialis anterior muscles was detected by the Medlec synergy electrophysiological system (Oxford Instruments Inc., Oxford, UK) in each group. After the rats in each group were anesthetized with sodium pentobarbital, the repaired nerves were exposed. Then the stimulation electrodes were placed at positions A, B, C, D, and E of the nerve (Figure 1), and the electrical signals of gastrocnemius and tibialis anterior muscles were recoded through receiver electrode, separately. In the meantime, the action potentials of gastrocnemius and tibialis anterior muscles recorded at point A were taken as the maximum action potentials of Group I and Group II. The action potential of the gastrocnemius muscle recorded at point A and the action potential of the tibialis anterior muscle recorded at point B were adopted as the maximum action potentials of Group III. Statistical analysis was subsequently made to evaluate the size of the compound muscle action potential (CMAP) of each group. Rectangular pulse (0.1 ms duration, 0.06 mA intensity, 5 Hz frequency) was used to acquire the CMAP.


[image: Figure 1]
FIGURE 1
 Schematic diagram of electrophysiological detection. Green represents the tibial nerve, blue indicates the common peroneal nerve, and the red arrow denotes the location of the stimulation electrode.




Histological observation of the repaired nerve

The tibial nerve and common peroneal nerve 2 mm away from the anastomosed common peroneal nerve were collected. The nerve sample was soaked in 4% paraformaldehyde for 12 h and then dyed with 1% osmic acid for another 12 h. After the sample was dehydrated with 50, 70, 90, and 100% ethanol successively, it was embedded in paraffin, and sliced into a 2 μm-thick piece (Leica RM2135, Wetzlar, Germany). The piece was placed on the glass slide. After sealing the slide, it was observed under the microscope [Leica DM4B with Leica Application Suite X (LAS X) software, Wetzlar, Germany]. The number of myelinated nerve fibers per unit area in each group was manually counted.



Weighing and histological observation of the effector muscle

The gastrocnemius and tibialis anterior muscles of the model and opposite sides were collected from SD rats and weighed. The ratio of the wet weight of the model side muscle to that of the opposite side muscle was calculated. After trimming, the muscle was placed in 4% paraformaldehyde for fixation overnight, and then dehydrated successively with 50, 70, 90, and 100% ethanol. The muscle was embedded in paraffin, and sliced into a 7 μm-thick piece. Then Masson staining was performed. Those for Masson staining were treated with Weigert stain for 8 min and rinsed with distilled water. The sections were then treated with spring red acid complex red for 5 min, immersed in acetic acid for 1 min, treated with phosphomolybdic acid for 2 min, and immersed in acetic acid for 1 min. Next, the sections were treated with aniline blue for 2 min, immersed in acetic acid for 1 min, and rinsed with water. After sealing the slide, it was imaged under a microscope [Leica DM4B with Leica Application Suite X (LAS X) software, Wetzlar, Germany]. The cross-sectional area of gastrocnemius and anterior tibial muscle fibers was calculated using Image J software. Three visual fields of each sample were selected, and the average value was taken as the ultimate muscle fiber cross-sectional area of the sample.



Retrograde tracing of neurons

Three SD rats were taken from each group for the tracing and labeling experiment, and the method proposed in (12) was adopted. The regenerated sciatic nerve of rats was re-exposed and cut off. The distal ends of the common peroneal nerve and tibial nerve were immersed in 5% Fluoro-Ruby (FR, Life Technologies) and 4% Fluoro-Gold (FG, Life Technologies) for 2 h, respectively. The wound was washed and sutured layer by layer. Then rats were fed for 7 days so that the retrograde tracer could label the spinal cord neurons. After anesthetizing, the heart of rats was isolated and perfused. L4–L6 lumbar spinal cord segments containing sciatic nerves were cut off and fixed in 4% paraformaldehyde for 12 h. The sample was dehydrated in 10, 20, and 30% sucrose for 12 h, and then sliced to a 40 μm-thick piece by a frozen slicer (Leica CM 1950, Germany). Subsequently, the sample was placed on the glass slide and sealed, and the slice was imaged by the 20 × microscope objective. The excitation wavelength was FG330nm and FR561nm. Finally, the acquired fluorescence image was analyzed using Image J software to detect the neurons labeled by FG only, FR only, and both FG and FR.



Data analysis

All measurement data were expressed by (mean ± standard deviation). One-way ANOVA was employed to analyze data in different groups, followed by Tukey's post-hoc multiple comparison test. SPSS 18.0 was used for statistical processing. P < 0.05 meant that the difference was statistically significant.




Results


Gross observation of nerve repair

The proximal and distal common peroneal nerves at the repair site were observed in vivo and in vitro. In Group I, only the distal common peroneal nerve remained intact, while in Group II, both the proximal and distal ones were complete (Figure 2).


[image: Figure 2]
FIGURE 2
 In vivo and in vitro specimen observation of the repaired nerve. In Group I, only the distal end of the common peroneal nerve was sutured; in Group II, both proximal and distal ends of the common peroneal nerves were sutured.




Sciatic functional index for nerve repair detection

Since the common peroneal nerve and tibial nerve constitute the sciatic nerve, the sciatic functional index can be used to detect the recovery of nerve function. In this paper, the regeneration and repair of the common peroneal nerve were analyzed using the sciatic functional index. The results showed that the sciatic functional indexes of Group I, Group II and Group III were (−30.09 ± 5.9, n = 6), (−11.64 ± 5.12, n = 6), and (−0.05 ± 4.09, n = 6), respectively. Significant statistical difference was found (p < 0.05). The sciatic functional index of Group II was better than that of Group I and closer to that of Group III (Figure 3).


[image: Figure 3]
FIGURE 3
 Sciatic functional index. In Group I, only the distal end of the common peroneal nerve was fostered; in Group II, both proximal and distal ends of the common peroneal nerve were fostered; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.




Electrophysiological detection of functional recovery of repaired nerves and their innervating effectors

In clinical practice, electromyography is often used to record the electrophysiological characteristics of nerves and muscles. In this study, the functional recovery of the repaired nerves and their innervating effectors were detected by electrophysiology. The CMAP size depends on the number of functional muscle fibers. The detection results suggested that the waveforms of gastrocnemius and tibialis anterior muscles in Group I, Group II, and Group III were not different. The CMAP amplitudes of the gastrocnemius muscle in Group I, Group II and Group III were (26.80 ± 3.10) mV, (27.30 ± 1.80) mV, and (29.00 ± 3.20) mV, respectively, and no significant difference was found (p > 0.05). The CMAP amplitude of the tibialis anterior muscle in Group I, Group II and Group III was (8.70 ± 1.60) mV, (12.20 ± 2.10) mV, and (19.70 ± 1.90) mV, respectively, and there was significant statistical difference (p < 0.05). The CMAP amplitude of the tibialis anterior muscle in Group II is closer to Group III than Group I is to Group III (Figure 4).


[image: Figure 4]
FIGURE 4
 Waveform and amplitude of the compound action potential of gastrocnemius and tibialis anterior muscles detected by electrophysiology. In Group I, only the distal end of the common peroneal nerve was fostered; in Group II, both proximal and distal ends of the common peroneal nerves were fostered; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.


Stimulation electrodes were placed at different positions to check whether the proximal end of the common peroneal nerve was fostered on the tibial nerve, and whether the proximal common peroneal nerve could control the anterior tibial muscle or even the gastrocnemius muscle. According to the results, stimulating point A could cause the contraction of gastrocnemius and anterior tibial muscles in Group I and Group II. When stimulating point B, the gastrocnemius and anterior tibial muscles in Group II tightened. The gastrocnemius and anterior tibial muscles in Group I and Group II constricted as the point C was stimulated. Stimulating point D could lead to the contraction of the gastrocnemius muscle in Group I, Group II and Group III. When the point E was stimulated in Group I, Group II and Group III, the anterior tibial muscle tightened (Table 1).


TABLE 1 Contraction of gastrocnemius/tibialis anterior muscles after stimulation of different positions of nerves.

[image: Table 1]



Osmium acid staining for detecting the recovery of peripheral nerves at the repair site

The numbers of myelinated tibial and common peroneal nerve fibers per unit area were calculated using osmium acid staining in each group. The number of myelinated tibial nerve fibers per unit area in Group I, Group II and Group III was (14,883 ± 835) mm2/piece, (14,783 ± 1,091) mm2/piece and (15,017 ± 608) mm2/piece, respectively, and no significant difference is observed (p > 0.05). The number of myelinated common peroneal nerve fibers per unit area in Group I, Group II and Group III was (6,750 ± 903) mm2/piece, (8,967 ± 1,269) mm2/piece, and (14,917 ± 488) mm2/piece, respectively, and there was significant statistical difference (p < 0.05). The number of myelinated common peroneal nerve fibers per unit area in Group II is closer to Group III than Group I is to Group III (Figure 5).


[image: Figure 5]
FIGURE 5
 Observation of myelinated tibial and common peroneal nerve fibers per unit area. Osmic acid staining, scale bar = 25 μm. In Group I, only the distal end of the common peroneal nerve was sutured; in Group II, both proximal and distal ends of the common peroneal nerve were repaired; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.




Macroscopic and microscopic observation and detection of effector muscle function

The wet weight ratio and the cross-sectional area of gastrocnemius and tibialis anterior muscle fibers were measured using gross specimen and Masson staining methods. The wet weight ratio of gastrocnemius muscle in Group I, Group II and Group III was (0.99 ± 0.02), (0.99 ± 0.02), and (1.00 ± 0.02), respectively. The cross-sectional area of gastrocnemius muscle fibers was (2,025 ± 121) μm2, (2,011 ± 76) μm2, and (2,061 ± 107) μm2, respectively. Both the wet weight ratio and fiber cross-sectional area of gastrocnemius muscle were not significantly different between Group I and Group II (p > 0.05). The wet weight ratio of tibialis anterior muscle in Group I, Group II and Group III was (0.46 ± 0.08), (0.64 ± 0.08), and (0.99 ± 0.02), respectively. The cross-sectional area of tibialis anterior muscle fibers was (1,131 ± 130) μm2, (1,325 ± 103) μm2, and (1,971 ± 90) μm2, respectively. Significant statistical difference was found between Group I and Group II in the wet weight ratio and fiber cross-sectional area of gastrocnemius muscle (p < 0.05). The wet weight ratio and fiber cross-sectional area of tibialis anterior muscle in Group II is closer to Group III than Group I is to Group III (Figures 6, 7).


[image: Figure 6]
FIGURE 6
 Macroscopic specimen observation of gastrocnemius and tibialis anterior muscles. In Group I, only the distal end of the common peroneal nerve was repaired; in Group II, both proximal and distal ends of the common peroneal nerve was repaired; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.
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FIGURE 7
 Microscopic specimen observation of gastrocnemius and tibialis anterior muscle. Masson stain, scale bar = 50 μm. In Group I, only the distal end of the common peroneal nerve was repaired; in Group II, both proximal and distal ends of the common peroneal nerve were repaired; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.




Analysis of the relationship between the repair nerve and motor neurons in the anterior horn of the spinal cord by retrograde tracing of neurons

Retrograde tracing of neuron was carried out to explore the reinnervation connection between neurons and effectors. There were only FG-labeled, both FG- and FR-labeled fluorescent neurons in the spinal cord of Group I. But there were no only FR-labeled fluorescent neurons. In Group II, only FG-labeled, only FR-labeled and both FG- and FR-labeled fluorescent neurons were observed in the spinal cord. In Group III, only FG-labeled and only FR-labeled fluorescent neurons were found in the spinal cord, but there were no fluorescent neurons labeled by both FG and FR (Figure 8).


[image: Figure 8]
FIGURE 8
 Retrograde tracing of neurons showed the reinnervation connection between neurons and effectors. In Group I, only the distal end of the common peroneal nerve was fostered; in Group II, both proximal and distal ends of the common peroneal nerve were fostered; Group III was sham operated normal group.





Discussion

Cut, pull and compression induced peripheral nerve injuries can bring about motor, sensory and nutritional dysfunction in the innervated area, and patients may be disabled as a result of delayed treatment (13, 14). The clinical treatment effect for a large segmental peripheral nerve defect is poor, which has become a thorny problem for orthopedic doctors (15, 16). End-to-side anastomosis, first proposed by foreign scholars in 1901, is one method to repair peripheral nerve injuries. This method anastomoses the distal end of the injured nerve with an adjacent normal nerve (17, 18), while the injured proximal end is left open to restore the function of effectors. However, the application of this method is restricted because it wastes the injured proximal peripheral nerve and is prone to cause neuromas and other complications. To overcome the above shortcomings, both the proximal and distal ends of injured nerves should be attached to normal peripheral nerves. In this study, an SD rat model with a large segmental common peroneal nerve defect was established, and end-to-side anastomosis was employed to suture the proximal and distal stumps of the damaged common peroneal nerve to an adjacent tibial nerve. Twelve weeks after repair, the functional recovery of the injured nerve and its effector was assessed, and the connection between the repaired nerve and motor neurons in the anterior horn of the spinal cord was analyzed.

The functions and mechanisms were explored at neuroanatomy and physiology levels. The analysis results showed that when the proximal and distal stumps of the injured common peroneal nerve were simultaneously coapted to the adjacent normal tibial nerve, both ends remained intact without neuromas detected. This finding suggests that to repair the proximal common peroneal nerve is better than to keep the proximal common peroneal nerve open. The tibialis anterior muscle and gastrocnemius muscle are innervated by the common peroneal nerve and tibial nerve, respectively. According to the experimental results of this study, no matter whether the proximal end of the common peroneal nerve was fostered or not, the ipsilateral tibialis anterior muscle and gastrocnemius muscle constricted when the tibial nerve near the distal foster point of the common peroneal nerve was stimulated. When the proximal end of the common peroneal nerve was sutured, stimulating the proximal end of the common peroneal nerve could also make the ipsilateral tibialis anterior and gastrocnemius muscles contract. However, when the distal end of the common peroneal nerve was open, two muscles did not tighten. As for the CMAP, it was found that the compound action potential of the gastrocnemius muscle when stimulating the distal foster point of the common peroneal nerve or the open proximal end was not significantly different from that when stimulating the normal nerve at the same level. This result remains true no matter whether the proximal end of the common peroneal nerve was repaired or not. The compound action potential of the tibialis anterior muscle in the foster group was higher than that in the open group and closer to that in the normal group. The wet weight ratio and cross-sectional area of the gastrocnemius muscle in the three groups had no significant difference. The wet weight ratio and cross-sectional area of the tibialis anterior muscle in the foster group were greater than those in the open group and closer to those in the normal group. Similar results were obtained in detecting the recovery of the tibial nerve and the common peroneal nerve 2 cm below the distal foster nerve of the same height in the three groups. There was no significant difference in the number of myelinated tibial nerve fibers per unit area among the three groups. The number of myelinated common peroneal nerve fibers per unit area in the foster group was more than that in the open group and closer to that in the normal group. Previous studies have confirmed (19, 20) the importance of repairing proximal nerves in the treatment of peripheral nerve injuries. The reason may be that more nerves are available for attracting peripheral repair materials, and donor nerve epineuria act as a bridge for axon regeneration. In this process, proximal nerve endings can grow directly to the distal end, and serve as a catheter to allow the peripheral repair materials to reach the distal injury site through the donor nerve adventitia (11). A similar effect was observed in the present research. When the proximal and distal common peroneal nerves were injured and sutured simultaneously to the peripheral normal tibial nerve, the conditions of injured nerves and corresponding effectors after repair were better than those when only the injured distal common peroneal nerve was sutured. This may be due to the secretion of such endogenous substances as nerve growth factors (21), basic fibroblast growth factors (22), and glial cell derived neurotrophic factors (23) around the injured nerve through relevant signaling pathways (e.g., PI3K/AKT, Notch, TAK1-MAPK/NF-κB etc.) (24–26). These factors affect the function of Schwann cells (27) or macrophages (28) and promote the repair of injured peripheral nerves. During the proximal foster caring process, abundant endogenous factors can further regulate relevant signaling pathways and act on cells around the injured proximal and distal nerves through the bridge between the outer membrane of the donor and the distal end. A benign cycle is thus formed, which helps accelerate the repair process and promote the protection and recovery of effector functions. Bontioti et al. (29) believed that fostering both the proximal and distal stumps on peripheral normal nerves was not beneficial to the recovery of the injury effector function, but this does not affect the interpretation of the results of this research. In the study of Bontioti, the rat model of brachial plexus injury was used. Since the rat's forepaw has more complex functions than its hind paw, damage repair is more difficult. However, the specific mechanism deserves further investigation.

The axon has the ability of collateral regeneration (30–32). In this paper, the axon was also proven capable of reinnervating the recipient nerve and effector through collateral sprouting during end-to-side anastomosis. Especially when both the proximal and distal ends were anastomosed, the proximal common peroneal nerve could reinnervate the distal common peroneal nerve, tibial nerve and effector. The improved end-to-side anastomosis method proposed in this paper provides more donor nerves, so the nerve function recovers better. This research has some limitations. Firstly, previous studies have confirmed that with the extension of repair time, only one axon sprouting from the lateral branch can be retained (12, 33). In this study, when both the injured proximal and distal nerves are hosted on the peripheral nerves, the axons sprouting from the lateral branch and especially, the neurons with multiple axons, can maintain their functions. Nevertheless, this result requires further validation. Secondly, in this paper, the molecular mechanism for injured distal nerve and effector repair by coapting the injured proximal and distal nerves simultaneously to the peripheral nerves is analyzed based on only previous study findings. The specific mechanism needs to be verified through molecular biology experiments.



Conclusion

An effective method to repair injured peripheral nerves with a large segmental defect is to anastomose both the injured proximal and distal ends to the normal peripheral nerve. To repair the injured proximal peripheral nerve is also an important factor to recover the function of injured nerve. The injured nerves can be innervated by establishing a connection with the distal effector through the fostered nerve.
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Additive distress/toxicity: None

Steps #1-5 Purpose: Prepare nerve ends for neurorrhaphy and PEG repair/fusion.
1. Priming Irrigation of surgical field with hypotonic |Additive distress/toxicity: None
Solution #1 Ca2+-free saline for 1-2 min Purpose: Increase axoplasmic volume. Open cut axonal ends. Expel intracellular vesicles/organelles to

enhance PEG-fusion.

2. Protection
Solution #2

Administer 0.5% methylene blue (MB; an
antioxidant) in distilled water for 1-2 min

to opened cut ends

Additive distress/toxicity: None
Purpose: Prevent formation of intracellular vesicles/organelles that interfere with PEG-fusion of cut

ends and can seal-off each apposed cut end rather joining/fusing them.

3. Closely appose cut,
opened, nerve ends

Perform neurorrhaphy

Additive distress/toxicity: None
Purpose: Join nerve ends together for axonal sealing. Provide mechanical strength at each site of
PEG-fusion.

4. PEG-fuse
many axons
Solution #3

Apply 50% w/w 3.35 kDa PEG in ddH,0

for 1-2 min to the coaptation site

Additive distress/toxicity: None
Purpose: Remove bound cell water to induce closely apposed, open, axonal membranes to
non-specifically fuse.

5. Membrane repair
Solution #4

Irrigation of coaptation site with isotonic
Ca™T -containing saline

Additive distress/toxicity: None
Purpose: Induce vesicle formation to plug/seal any axolemmal holes after PEG-induced annealing of

open cut axonal ends.
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Normal intact rats 91 days after nerve graft

Animal groups Right side Left side Operated side Control side
(right) (E)

Amplitude of compound muscle action potential [mV]

Run-idle 163£3.6 172£50 11.9 £ 4.9 (73%) 188£7.9
Run-run 173£42 173£52 6.3 = 3.4 (37%) 187£78
Idle-idle 121£33 13.6£25 6.5£2.2 (54%) 193£56
Idle-run 189439 201439 8.14 2.0 (43%) 18.0£72

Latency of compound muscle action potential [ms]

Run-idle 2307 2104 3.1 0.7 (134%) 2406
Run-run 2605 2102 3.2 0.6 (124%) 2407
Idle-idle 27405 21£05 3.240.6 (117%) 2105
Idle-run 24£03 23£05 3.1 0.4 (134%) 20£03

CMAP amplitude and latency of the soleus muscle were measured in the same rats immediately before the transection of the sciatic nerve and again 91 days after the nerve graft (mean = SD,n=8
rats/group). Data in brackets are the percent of the preoperative value.
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Animal groups  Dil-labeled neurons FB-labeled neurons Double- Total Number of neurons

innervating innervating plantar labeled (Dil+FB) (% of normal count)
dorsiflexor muscles flexor muscles neurons

Normal rats* 44374 106 %23 Zero 549 483 100%

Run-idle 352+ 139 126+ 53 37+£28 515+ 193 93.9%

Run-run 379+ 99 8636 1045 476 £ 99 86.6%

Idle-idle 364+ 54 101 £ 39 15410 480 £ 94 87.4%

Idle-run 352+ 68 85423 10+7 45376 82.4%

Dil-labeled motoneurons of the dorsiflexor muscles projecting through the common fibular nerve and Fast Blue-labeled motoneurons of the plantar flexor muscles projecting through the soleus nerve
in untreated animals and rats that had or had not received 12 weeks of treadmill-training before and/or after sciatic nerve graft (mean = SD). Double-labeled motoneurons innervating dorsiflexor
and plantar flexor muscles at the same time (mis-sprouting) were found in all rats that had received nerve surgery but not in intact animals. The right column shows the total number of motoneurons
that were regenerated 91 days after nerve surgery. *Our previous data from six normal Lewis rats (5).
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Antibody Source

pTrkB Y705 Cat# ab52191, Abcam
TrkB Cat# 4603S, Cell Signaling
PAKT Cat# 92718, Cell Signaling
AKT Cat# 4691s, Cell Signaling
pMAPK/ERK1/2 Cat# 9106S, Cell Signaling
MAPK/ERK1/2 Cat# 91028, Cell Signaling
B-Actin Cat# A1978, Sigma
Goat-anti-rabbit IgG HRP Cat# 20-304, Genesee
Goat-anti-rabbit IgG HRP Cat# 20-303, Genesee

For processing of immunaoblots
Product name
Immobilon Forte western HRP substrate (ECL)

Dilution

1:500
1:500
1:1,000
1:2,000
1:1,000
1:2,000
1:10,000
1:2,000
1:2,000

Source
Cat#
WBLUF050,
Millipore
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