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The course of mechanical allodynia differs between forelimb innervation territories following median nerve injury in the rat
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The course of mechanical allodynia differs between forelimb innervation territories following median nerve injury in the rat
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Functional deficits and chronic neuropathic pain after peripheral nerve injuries pose major clinical challenges. For preclinical evaluation of novel treatments, reliable methods for assessing functional recovery and robust animal models with high translational potential are crucial. Following peripheral nerve injury reinnervation of denervated target organs is not only achieved by regeneration of the original nerve, but also by collateral sprouting of adjacent intact nerves. In this study motor and sensory recovery was analyzed in a rat model of median nerve injury and repair using distinct functional test. Ten male Wistar rats underwent bilateral median nerve transection. In one forelimb the nerve was repaired using epineurial sutures, while in the contralateral forelimb the nerve remained unrepaired and served as internal control. For 12 weeks post-surgery, the Von Frey Test, the Grasping Test and CatWalk gait analysis were performed weekly. Sensory reinnervation and mechanical allodynia were evaluated with the Von Frey Test in distinct predefined test areas considering the innervation of the forepaws, allowing for indirect assessment of collateral nerve sprouting. Early mechanical allodynia developed within two weeks after median nerve injury in all innervation areas of the forepaw. This was associated with significant alterations of Print Width, Print Area, Duty Cycle, Swing Speed, Swing Time and Stand Index. From week 6 onward late mechanical allodynia paralleled with gait improvements and return of measurable grasping strength on the reconstructed side. The methodology utilized in our study, is feasible to comprehensively assess motor and sensory nerve regeneration paving the way for valid evaluation of future therapeutic strategies in a rat median nerve injury model.
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1 Introduction

Peripheral nerve injuries predominantly affect the upper extremity with the median nerve being the most frequently injured major nerve of the upper extremity (Aman et al., 2022; Karsy et al., 2019). Gold standard treatment for nerve transections is the tension-free direct epineurial repair (Dahlin and Wiberg, 2017; Bellaire et al., 2021; Kubiak et al., 2018). However, only 52% of patients achieve satisfactory motor and 43% regain satisfactory sensory function after median or ulnar nerve injury and repair (Ruijs et al., 2005). Besides, persistent functional deficits, patients are prone to develop chronic neuropathic pain associated with reduced quality of life, sleep disturbances and depression (Colloca et al., 2017; Attal et al., 2011; Finnerup et al., 2016; Dahlin and Wiberg, 2017; Miclescu et al., 2019; Heinzel et al., 2021). However, current pharmacotherapies have limited success rates and are associated with numerous adverse, dose limiting effects (Butler et al., 2019). This highlights the necessity for preclinical research to develop novel therapeutic strategies to enhance functional nerve regeneration and prevent or treat neuropathic pain. Nevertheless, for the evaluation of emerging therapies, robust animal experimental models and reliable assessment methods are essential (Ronchi et al., 2019). Over the past decades, the rat median nerve injury model has gained increasing interest in the scientific community. In this model, limb function is only partially impaired as the intact ulnar and radial nerves continue to facilitate motor and sensory functions within the forelimb (Ronchi et al., 2019). Moreover, automutulatory behavior and joint contractures are less frequent compared to the sciatic nerve model, thus alleviating the evaluation of functional recovery (Haselbach et al., 2016; Weber et al., 1993; Bertelli and Mira, 1995; Ronchi et al., 2019; Papalia et al., 2003; Bontioti et al., 2003). It is further characterized by the availability of functional test such as the Grasping Test (Bertelli and Mira, 1995; Papalia et al., 2003) or the Staircase Test (Montoya et al., 1991; Pagnussat Ade et al., 2009) enabling precise assessment of median nerve function. Several studies further demonstrated the feasibility of CatWalk gait analysis to assess motor and sensory recovery as well as non-evoked pain behaviors and the Von Frey Test to examine mechanical allodynia (Galtrey and Fawcett, 2007; Casal et al., 2020; Heinzel et al., 2022; Heinzel et al., 2020c; Heinzel et al., 2020a; Huerta et al., 2024; Vieira et al., 2020; De La Puente et al., 2022). Nevertheless, while significant correlations between the CatWalk gait analysis and the Grasping Test were identified in the median nerve model (Heinzel et al., 2020c), studies correlating sensory and motor functions in this upper extremity model are still lacking. It should be noted that after nerve injury, reinnervation of target organs can be achieved by regeneration of the original nerve and collateral sprouting from nearby undamaged nerves (Navarro et al., 2007; Jeon et al., 2024; Lemaitre and Court, 2021; Freeman et al., 2020). Although collateral sprouting has long been recognized in humans and animals (Ahčan et al., 1998; Bajrović and Sketelj, 1996; Murray and Thompson, 1957; Nageotte, 1906; Pollock, 1919; Weddell et al., 1941), it is often neglected when evaluating sensory recovery. This is particularly relevant in studies utilizing the Von Frey Test, where first responses to mechanical stimuli after nerve injury are typically attributed to axonal regeneration. The influence of collateral sprouting on sensory reinnervation as assessed with the von Frey Test as well as its significant contribution to the development and maintenance of neuropathic pain has been demonstrated in the sciatic nerve injury model (Cobianchi et al., 2014). To date, the Von Frey Test has not been used to assess collateral sprouting in an upper extremity nerve injury model.

Accordingly, we conducted a pilot study aiming to assess the course of motor and sensory recovery in a median nerve injury and repair model for the first time combining the Von Frey Test, CatWalk (CW) gait analysis and The Grasping Test. The secondary objective was to elucidate correlations between these behavioral tests. Additionally, we aimed to investigate sensory reinnervation across the distinct intervention territories of the forepaws using the Von Frey Test, allowing for functional evaluation of the contribution of collateral sprouting of the ulnar nerve following median nerve injury.



2 Materials and methods


2.1 Animals and housing

All experimental procedures were approved beforehand by the regional authorities (Regierungspräsidium Tübingen) and followed the Helsinki Declaration on Animal Rights and the Guide for the Care and Use of laboratory animals of the National Institutes of Health. Ten 7–9 weeks old male Wistar rats (Charles River Laboratory, Sulzfeld), weighing approximately 300 g, were used. Prior to any experimental handling, the rats were acclimatized to the new surrounding for 2 week.



2.2 Surgical procedure

Approximately 60 min before surgery animals received a subcutaneous injection of Buprenorphine (0.05 mg/kg body weight diluted in 200 μl isotonic Natriumchlorid solution). Anesthesia was induced with 5% Isofluran-oxygen mixture and maintained with 2–3% Isofluran via an open mask system. An ophthalmic ointment was applied to the eyes to prevent drying. Rats were placed on a heated plate to maintain adequate body temperature and breathing, heart rate, temperature and oxygen saturation were continuously monitored during surgical procedures. Ten male Wistar rats underwent bilateral surgery of the median nerve using an operation microscope (Wild M65, Wild Heerbrugg, Switzerland). Reconstruction and control side were randomly assigned for each animal. In one forelimb (reconstructed side), the median nerve was transected (Figure 1A, B) approximately 7 mm proximal to the crossing of the brachial artery and vein and immediately reconstructed using 10-0 epineurial sutures (Ethilon® 10-0, Ethicon-Johnson & Johnson, Brussels, Belgium) (Figure 1C, D). In the other forelimb (non-reconstructed side) a 15-mm segment of the median nerve was resected (Figure 2A) and the nerve stumps were sutured (Ethilon® 10-0, Ethicon-Johnson & Johnson, Brussels, Belgium) into the biceps muscle to prevent spontaneous regeneration (Figure 2B). To provide sufficient analgesia postoperatively, buprenorphine administration (0.05 mg/kg body weight diluted in 200 μl isotonic Natriumchlorid solution) was continued for at least 48 h after surgery in 8 h intervals. Postoperatively, functional nerve regeneration was assessed for 12 weeks. After 12 weeks, rats were euthanized under deep isoflurane anesthesia by intracardial application of an overdose of Thiopental sodium (Thiopental Inresa 0.5 g Inresa Arzneimittel GmbH). Following euthanasia, the flexor digitorum superficialis muscles (FDS) of both sides were harvested and weighed.


[image: “Four panels show schematic illustrations and intraoperative images of a median nerve injury and repair on the reconstructed side. Panel A is a schematic drawing of the transection injury of the median nerve. Panel B presents a microscopic intraoperative view of the same transection. Panel C is a schematic illustration of the direct epineurial repair using 10-0 sutures. Panel D shows the microscopic intraoperative appearance of the repaired median nerve.”]
FIGURE 1
Schematic illustration and intraoperative images of the median nerve injury and repair on the reconstructed side. Schematic illustration (A) and intraoperative microscopic view (B) of the transection injury of the median nerve on the reconstructed side, as well as schematic illustration (C) and microscopic appearance (D) of the direct epineurial repair of the median nerve using 10-0 sutures.



[image: “Two schematic illustrations show the median nerve injury on the non-reconstructed side. Image A shows the resection of a 15 mm segment of the median nerve. Image B illustrates the suturing of the proximal and distal nerve stumps into the surrounding muscle tissue to prevent nerve regeneration.”]
FIGURE 2
Schematic illustration of the median nerve injury on the non-reconstructed side. Schematic illustration of the resection of 15 mm of the median nerve (A) on the non-reconstructed side as well as of the suturing of the proximal and distal nerve stumps into the muscle (B) to prevent nerve regeneration.




2.3 Functional testing

Mechanical allodynia, grasping strength and gait behavior were assessed in all rats (n = 10) preoperatively and weekly for 12 weeks after surgery by means of the Von Frey Test, the Grasping Test and CatWalk gait analysis (CW). Functional tests were carried out by the same experimenter. With the exception of the Grasping Test, where only the reconstructed side was examined, the experimenter was blind regarding the assignment of the reconstructed and the non-reconstructed side. One week prior to surgeries rats were habituated to the distinct functional test procedures.


2.3.1 Von Frey test

Sensory reinnervation and mechanical allodynia were evaluated with the Von Frey Hairs set of 20 nylon monofilaments (Aesthesio®, Ugo Basile®, Italy) (Deuis et al., 2017; Minett et al., 2011; Chaplan et al., 1994; Bradman et al., 2015; Ferrier et al., 2016; Zumbusch et al., 2024; Cohnstein, 1897). To assess the contribution of collateral sprouting to functional sensory reinnervation, the Von Frey Monofilaments were manually applied to three pre-defined test areas on the reconstructed and non-reconstructed sides considering the sensory innervation of the forepaws (Walcher et al., 2018): The medial (three radial toes - selectively innervated by the median nerve), the lateral (fifth toe – selectively innervated by the ulnar nerve) and the central, overlapping area (fourth toe – non-selectively innervated by afferents of the median and ulnar nerves) (Figure 3). The rats were habituated for over 5 min before the test. The mechanical withdrawal threshold (MWT) in response to a tactile stimulus was determined using a modified up-and down method (Chaplan et al., 1994). The filaments were applied perpendicularly to the glabrous plantar surface of the paw until they bended. Behavior such as flinching, flicking, shaking or licking the paw in response to the application of the filament or immediately after the filament was removed were considered a positive response. This procedure was repeated three times per test area for each filament. If 2 out of 3 applications elicited a positive response, the next lower filament was applied, while lack of response resulted in the application of a filament with a higher bending force. The lowest force required to provoke a positive response was recorded as the MWT (g). The MWT was confirmed by repeating the application of the fiber that elicited the last response.


[image: Two illustrations show the sensory innervation of the rat forepaw. Illustration A is a schematic drawing of the predefined test areas considering the innervation of the forepaw: medial in rose (median nerve), central in brown (median and ulnar nerves), and lateral in green (ulnar nerve), with digits labeled D1-D5. Illustration B depicts the glabrous skin of the rat forepaw, with red dotted lines marking median nerve territories and green dotted lines marking ulnar nerve territories.]
FIGURE 3
Innervation of the forepaws of the rat. Schematic Illustration (A) of the specific predefined test areas considering the sensory innervation of the forepaw and illustration (B) of the innervation territories on the glabrous skin of the rat. Rose: Medial test area (innervated by the median nerve); Brown: Central test area (non-selectively innervated by the median and ulnar nerve); Green: Lateral test area (innervated by ulnar nerve). Red dotted line: median nerve innervated areas; Green dotted lines: Ulnar nerve innervated territories. Modified after Walcher et al. (2018).




2.3.2 CatWalk XT

Gait behavior was evaluated by means of the CatWalk XT gait analysis system (Version 10.6, Noldus Information Technology) (Hamers et al., 2001; Heinzel et al., 2020b; Ritter et al., 2023; Timotius et al., 2023; Heinzel et al., 2020a). One week prior to surgeries; animals were familiarized with the test procedure and trained to cross the walkway daily according to an established training protocol (Heinzel et al., 2020b; Ritter et al., 2023). After the end of the training period, all animals were able to perform uninterrupted runs with a speed between 50 and 70 cm/s in accordance with relevant publications (Koopmans et al., 2007). During every session a minimum of three runs per trial were collected (Koopmans et al., 2007; Deumens et al., 2007; Heinzel et al., 2020a). We assessed the following CW parameters according to Deumens classification (Deumens et al., 2007; Table 1): I. General parameters: Print Area (mm2), Print Length (mm), Print Width (mm) II. Pain-related parameters: Swing Time (s) and Duty Cycle (%) as well as IV. Other parameters: Swing Speed (cm/s), Stand Index (%) and Single Stance (s). For each parameter we calculated two different ratios: 1. Reconstructed side ratio = Reconstructed front paw/Reconstructed Side hind paw, 2. Non-reconstructed side ratio = Non-reconstructed front paw/Non-Reconstructed Side hind paw. For each postoperative time point these ratios were than compared to the baseline ratios.


TABLE 1 Gait parameters assessed with the CatWalk gait analysis system.


	Category
	Parameter
	Explanation





	I
	Print area (mm2)
	Total area of a paw print



	I
	Print length (mm)
	Length of a paw print



	I
	Print width (mm)
	Width of a paw print



	II
	Swing time (s)
	Duration of the swing phase of a paw



	II
	Duty cycle (%)
	Percentage of the stand phase in a whole step cycle = (Stand Time/(Stand Time + Swing Time)) x 100



	IV
	Swing speed (cm/s)
	Speed of the paw during the swing phase of the step cycle



	IV
	Stand index (%)
	Speed at which the paw loses contact with the floor



	IV
	Single stance (s)
	Duration of contact with the glass floor with only one paw






I: general, II: pain-related, IV: other parameters of gait.






2.3.3 Reflex based grasping strength

The Grasping Test is a well-established method for assessing the function of the superficial and deep finger flexor muscles, which are predominantly innervated by the median nerve in rats (Stößel et al., 2017; Heinzel et al., 2020c; Bertelli and Mira, 1995; Lauer et al., 2022; Jackson, 1936; Papalia et al., 2003). An apparatus for measuring grasping strength (Grip Strength Meter, Ugo Basile®, Italy) was used to conduct the test. For the measurement, the animal was gently held at the base of its tail and approached free-floating to a trapezoidal grasping bar. Once the animal grasped the bar, the experimenter gently lifted the rat by its tail in a smooth and reproducible motion toward the ceiling to elicit the grasping reflex. The grasping bar was fitted with a force transducer connected to a peak amplifier. When the pulling force was applied to the transducer, the display on the electronic unit automatically shows the current grip force. To specifically measure force generated during the grasping motion rather than general forelimb grip strength, we excluded any trail in which the primary force originated from proximal muscles such as the biceps brachii. A trial was therefore considered valid in the absence of flexion of the elbow (biceps muscle) or wrist (flexor carpi ulnaris and flexor carpi radialis muscles). We performed three trials per rat at each evaluation time point. The maximum grasping strength of each trial was recorded. The mean grasping strength was then calculated by averaging the maximum force of all three trials. In addition, we implemented a previously described grip ability rating to assess the return of grip ability (Stößel et al., 2017): 1/3: no observable toe flexion, 2/3: toe flexion with no measurable strength, 3/3: toe with measurable strength.




2.4 Wet muscle weight

After the rats were euthanized at WPO12 the FDS muscles of both sides were harvested and weighed with a precision balance (Sartorius A200S, Sartorius GmbH, Göttingen). The muscle weights were normalized to the total body weight of the animal. Muscle harvesting was performed under an operating microscope in a standardized manner. The muscle was exposed along its entire length ensuring that the borders to adjacent muscle as well as the muscle’s origin and insertion were clearly visualized. The FDS muscle was den sharply detached at its origin at the medial epicondyle of the humerus of the rat and distally transected at the level of the carpal tunnel.



2.5 Statistical analysis

Statistical analysis was performed with IBM® SPSS® Statistics 29.0.1.1 (IBM). To determine statistically significant differences between the means of all parameters at each postoperative timepoint, the repeated measures analysis of variance (RMANOVA) or the Friedman Test was performed depending on the distribution of data. The level of significance was adjusted using the Bonferroni correction and p-values of 0.05 and lower were considered statistically significant. All data were expressed as mean ± standard error of the mean (SEM) and expressed in percent.

To evaluate statistically significant differences of the medians of all parameters between the reconstructed and non-reconstructed sides, the Wilcoxon Signed-Rank Test or the Sign Test was performed for not-normally distributed data. For normally distributed data a paired t-test was conducted. All data were calculated and reported as medians with 95% confidence intervals (CI).

For analysis of correlation between CatWalk, Grasping Strength and the Von Frey Test, Spearman’s correlation coefficient was calculated. p-values of 0.05 and lower were considered statistically significant. Notably, as Grasping Strength measurements were solely conducted on the reconstructed side, corresponding data for the non-reconstructed side was not available. Consequently, correlation between the Grasping Test and other behavioral data was examined for the reconstructed side ratios, only.




3 Results


3.1 Animal welfare

All animals recovered from the surgical procedure without any signs of contractures or automutilation on the forepaws. However, at WPO1, one animal demonstrated extensive guarding behavior of the non-reconstructed forepaw during the Von Frey Test. This animal was excluded from further statistical analysis of the Von Frey data (n = 9) and correlation analysis (n = 9) due to lack of data.



3.2 Von Frey test

On the reconstructed side (Figure 4A) median nerve injury induced a slight decrement of MWT of the radial test site, selectively innervated by the median nerve, to 6.44 ± 0.65 g as early as WPO2. Noteworthy, from WPO6 onward, further gradual decrease of MWT until WPO12 was observable. At WPO11 (4.22 ± 0.78 g, p < 0.05) and WPO12 (4.0 ± 0.67 g, p < 0.01) rats exhibited significantly different MWTs compared to baseline in this area. In contrast, at the central test site (Figure 4A) of the reconstructed paw, non-selectively innervated by the median and ulnar nerves, rats demonstrated immediate reduction of the MWT at WPO1, reaching a statistically significant minimum (p < 0.05) of 4.22 ± 0.22 g at WPO2Pre-OP. Subsequently, from WPO6 onward rats displayed further reduction of MWT until the end of the observation period, consistent with the median nerve innervated area. The MWT was significantly reduced compared to baseline at WPO10 (4.33 ± 0.85 g, p < 0.05) and WPO11 (4.44 ± 0.80 g, p < 0.05) and reached its lowest value of 3.56 ± 0.44 g at WPO12 (p < 0.01). The MWTs of the ulnar test site (Figure 4A) of the reconstructed paw, selectively innervated by the ulnar nerve, revealed a similar course with a statistically significant reduction of MWT from 7.56 ± 0.65 g pre-operatively to 3.56 ± 0.29 g at WPO1 and WPO2 (p < 0.05). MWTS further decreased from WPO6 onward revealing statistically significant differences from baseline at WPO11 (4.0 ± 0.67 g, p < 0.05) and WPO12 (3.78 ± 0.62 g, p < 0.05).


[image: “Two line graphs labeled A and B show the time course of mechanical withdrawal thresholds over 12 weeks after bilateral median nerve injury and unilateral epineurial repair. Graph A displays data from the reconstructed forepaw, while Graph B shows the non-reconstructed side. Both graphs plot radial, central, and ulnar test sites from preoperative baseline (t = 0) to 12 weeks. Error bars indicate standard error of the mean. Significance markers (*, **, #) highlight differences over time and between regions.”]
FIGURE 4
Mechanical withdrawal thresholds as assessed with the Von Frey Test. Time course of the mechanical withdrawal thresholds of the radial, central and ulnar test sites of the reconstructed (A) and non-reconstructed (B) forepaws from preoperatively (t = 0) until 12 weeks after bilateral median nerve injury and unilateral epineurial repair (n = 9). *p < 0.05 as compared to Pre-OP; **p < 0.01 as compared to Pre-OP. #p < 0.05 radial vs. ulnar; MWT: Mechanical withdrawal threshold. All data were calculated as mean ± standard error of the mean.


On the radial test site of the non-reconstructed side (Figure 4B), after an initial increase of MWT from 7.78 ± 0.52 g at baseline to 11.67 ± 2.97 g at WPO1, MWT was reduced to 4.44 ± 0.56 g by WPO4. MWTs of the radial test sites were further significantly reduced compared to baseline at later stages between WPO8 and WPO12 with values decreasing from 3.77 ± 0.62 g at WPO8 (p < 0.05) until attaining a highly significant minimum of 2.82 ± 0.38 g (p < 0.01) at WPO12. Comparable with the reconstructed side, the MWTs the ulnar and central test sites (Figure 4B) were decreased as early as WPO1. Rats exhibited significantly reduced MWTs compared to baseline on both test sites from WPO6 until WPO12 (p < 0.01), when maximal change from baseline was observed. Until WPO12, the MWTs had decreased from 4.22 ± 0.40 g at WPO5 to 2.53 ± 0.38 (p < 0.01) and 2.76 ± 0.40 g (p < 0.01) at the ulnar and central test sites.

Comparison of the MWTs of the different test sides of the reconstructed (Figure 4A) and the non-reconstructed side (Figure 4B) revealed significant (p < 0.05) differences between the MWT of the radial and ulnar test site from WPO1 until WPO3 for the reconstructed side and at WPO1 and WPO3 for the non-reconstructed side.


3.2.1 Comparison of the MWTs between the reconstructed and the non-reconstructed sides

When comparing the MWTs of the radial test site (Figure 5A) between the reconstructed and non-reconstructed side, a statistically significant difference was observable at WPO9 (z = 2.271, p < 0.05), only. The MWTs of the central test site (Figure 5B) differed significantly between the reconstructed and non-reconstructed side at WPO3 (z = 2.333, p < 0.05), WPO4 (z = 2.333, p < 0.05), WPO5 (z = 2.236, p < 0.05), WPO6 (z = 2.414, p < 0.05) and WPO7 (z = 2.126, p < 0.05). Statistically significant difference between the medians of the MWTs of the ulnar test site (Figure 5C) of both sides were observed at WPO4 (z = 2.333, p < 0.05), WPO5 (z = 2.000, p < 0.05), WPO6 (z = 2.414, p < 0.05), WPO7 (z = 2.414, p < 0.05), WPO8 (z = 2.264, p < 0.05).


[image: “Three bar graphs labeled A, B, and C compare mechanical withdrawal thresholds between reconstructed and non-reconstructed sides. Graph A shows radial test sites, Graph B central, and Graph C ulnar. Each bar graph displays medians marked with a black line, with stars and dots indicating outliers. Significant differences are marked with asterisks (*p < 0.05), and near-significant differences with plus signs (+p < 0.06). Measurements are shown over postoperative weeks, highlighting differences in mechanical withdrawal thresholds between reconstructed and non-reconstructed sides.”]
FIGURE 5
Comparison of the mechanical withdrawal thresholds of the reconstructed and non-reconstructed side. Difference between the mechanical withdrawal thresholds of the radial (A), central (B) and ulnar (C) test site of the reconstructed and the non-reconstructed sides (n = 9). *p < 0.05 reconstructed vs. non-reconstructed side; +p < 0.06 indicates almost significant differences; MWT: Mechanical withdrawal threshold, WPO: Week postoperative. Medians are presented with a black line. Stars and dots indicate outliers.





3.3 CatWalk gait analysis


3.3.1 Prints of the forepaws

Median nerve injury resulted in the rats refraining to bear weight on the medial aspects of the paw and the medial toes, innervated by the median nerve (Figure 6). From WPO6 onward, rats demonstrated increased loading on the medial aspects of the paw on the reconstructed side. At WPO10 and WPO12 increased weight bearing on the medial paw areas was further accompanied by additional loading on the medial toes. In contrast, on the non-reconstructed side weight bearing on the median nerve innervated aspects of the paw remained absent during the entire observation period.


[image: Representative paw prints from the CatWalk gait analysis system are shown for the reconstructed and non-reconstructed side. Paw prints of the reconstructed side appear in the upper row, while paw prints of the non-reconstructed side appear in the lower row. Panels A–G illustrate the time course from the preoperative condition (A) to biweekly postoperative assessments at weeks 2 to 12 (B–G). Orientation markers indicate proximal (P), distal (D), medial (M), and lateral (L). The sequence highlights differences in paw print over time.]
FIGURE 6
Representative paw prints as assessed with the CatWalk gait analysis system. Paw Prints of the reconstructed and non-reconstructed front paws are shown starting from Pre-OP (A) and over the course of the observation period of 12 weeks (biweekly) (B–G). P: proximal, D: distal, M: medial, L: lateral. WPO = Week postoperative.




3.3.2 General parameters of gait


3.3.2.1 Print area

Median nerve injury resulted in a highly significant (p < 0.01) reduction of the reconstructed side Print Area ratio (Figure 7A) to 67% of baseline at WPO1, further decreasing to a minimum of 60% by WPO3 (p < 0.01). It remained highly significantly (p < 0.01) different from baseline until WPO5. From WPO5 onward, it steadily increased to 73% at WPO6, remaining significantly different (p < 0.05) from Pre-OP and recovered to 81% of baseline until WPO12.


[image: “Two graphs labeled A and B show the course of print area for reconstructed and non-reconstructed sides over 12 weeks. Graph A is a line chart illustrating the course of print area of the reconstructed and the non-reconstructed side over 12 weeks. It shows generally higher values of print area on the reconstructed side. Graph B is a box plot comparing medians of reconstructed and non-reconstructed sides. It shows higher medians for the print area on the reconstructed side. Significant differences are indicated with asterisks (*p < 0.05, **p < 0.01).”]
FIGURE 7
Print area. Course of Print Area of the reconstructed (Reconstructed front paw/Reconstructed side hind paw) and non-reconstructed sides (Non-reconstructed front paw/Non-reconstructed side hind paw) (A) from pre-operatively (t = 0) until 12 weeks after bilateral median nerve injury and unilateral epineurial repair (n = 10). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. All data was calculated as mean ± standard error of the mean and expressed in percent. Comparison of the Print Area medians between the reconstructed and the non-reconstructed sides (n = 10) (B). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. Medians are presented with a black line. Stars and dots indicate outliers.


The non-reconstructed side Print Area ratio (Figure 7A) was highly significantly (p < 0.01) reduced to 61% of baseline at WPO1. It reached lowest values at WPO4 (p < 0.01) and remained significantly (p < 0.01) decreased at WPO6 and WPO8. In contrast to the reconstructed side, it only slightly recovered to 62% of baseline until WPO12, which was highly significantly (p < 0.01) different from Pre-OP.

The reconstructed side Print Area Ratio was highly significantly (p < 0.01) higher compared to the non-reconstructed side Print Area ratio at WPO8 (z = 2.701), WPO9 (z = 2.701), WPO11 (z = 2.701) as well as WPO12 (z = 2.599) (Figure 7B).



3.3.2.2 Print length

The reconstructed side Print Length ratio (Supplementary Figure 1A) was highly significantly (p < 0.01) reduced to <80% of baseline at WPO1. The parameter was still significantly reduced from Pre-OP at WPO3 (p < 0.05), WPO5 (p < 0.05) and WPO6 (p < 0.05) and WPO8 (p < 0.05). It recovered to values above 82% until WPO12.

On the non-reconstructed side (Supplementary Figure 1A), Print Length ratio was significantly reduced to less than 77% compared to baseline at WPO1 (p < 0.05). It reached highly significant minima of 72 and 71% at WPO4 and WPO6 (p < 0.01), respectively and remained highly significantly (p < 0.01) reduced from Pre-OP until WPO9. In contrast to the reconstructed side, it only slightly recovered and was highly significantly different from baseline until WPO12 (p < 0.01)

Significant differences between reconstructed side and non-reconstructed side Print Length ratios were observed at WPO4 (z = 2.090, p < 0.05), WPO6 (z = 2.191, p < 0.05) and WPO9 (z = 2.701, p < 0.01) (Supplementary Figure 1B).



3.3.2.3 Print width

The reconstructed side Print Width ratio (Figure 8A) was highly significantly (p < 0.01) reduced to <74% of baseline in the first five weeks following median nerve injury. It recovered to 86% of baseline until the end of the observation period.


[image: “Two graphs labeled A and B show the course of print width for reconstructed and non-reconstructed sides over 12 weeks. Graph A is a line chart illustrating the course of print width of the reconstructed and the non-reconstructed side from preoperative baseline to week 12. It shows generally higher values of print width on the reconstructed side. Graph B is a box plot comparing medians of reconstructed and non-reconstructed sides. It shows higher medians for the print width on the reconstructed side. Significant differences are indicated with asterisks (*p < 0.05, **p < 0.01, +p < 0.06).”]
FIGURE 8
Print width. Course of Print Width of the reconstructed (Reconstructed front paw/Reconstructed side hind paw) and non-reconstructed sides (Non-reconstructed front paw/Non-reconstructed side hind paw) (A) from pre-operatively (t = 0) until 12 weeks after bilateral median nerve injury and unilateral epineurial repair (n = 10). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP +p < 0.06 indicates almost significant differences compared to Pre-OP. All data was calculated as mean ± standard error of the mean and expressed in percent. Comparison of the Print Width medians between the reconstructed and the non-reconstructed sides (n = 10) (B). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. Medians are presented with a black line. Stars and dots indicate outliers.


On the non-reconstructed side (Figure 8A), Print Width ratio was significantly (p < 0.05) decreased to 72% of baseline at WPO1 and reached a highly significant (p < 0.01) minimum of <69% at WPO2. With the exception of WPO3 it was highly significantly (p < 0.01) altered and stayed below 70% of baseline until WPO6. It was still highly significantly (p < 0.01) different from Pre-OP at WPO9 (p < 0.01). In comparison to the reconstructed side, the parameter only slightly recovered to 74% of baseline until WPO12.

Statistically significant differences between the Print Width ratios of the reconstructed and the non-reconstructed side were observed at the later timepoints WPO9 (z = 2.803, p < 0.01), WPO11 (z = 2.599, p < 0.01) and WPO12 (z = 2.395, p < 0.05) (Figure 8B).




3.3.3 Pain-related parameters of gait


3.3.3.1 Swing time

Following median nerve injury, the Swing Time ratio of the reconstructed side (Figure 9A) was increased and reached two maxima of 116 and 114% of baseline at WPO3 and WPO6, which were highly statistically significant (p < 0.01) from Pre-OP. From WPO6 onward, the parameter recovered to 112% until the end of the observation period.


[image: Two graphs labeled A and B show the time course of swing time for reconstructed and non-reconstructed sides over 12 weeks after surgery (n = 10). Graph A is a line chart from preoperative baseline to week 12, showing changes over time for both sides. Graph B is a box plot comparing medians between the two sides. Data are expressed as percent and presented as mean ± standard error of the mean; medians are indicated by black lines, and stars or dots denote outliers. Significant differences versus Pre-OP are marked with asterisks (*p < 0.05, **p < 0.01).]
FIGURE 9
Swing time. Course of Swing Time of the reconstructed (Reconstructed front paw/Reconstructed side hind paw) and non-reconstructed sides (Non-reconstructed front paw/Non-reconstructed side hind paw) (A) from pre-operatively (t = 0) until 12 weeks after bilateral median nerve injury and unilateral epineurial repair (n = 10). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. All data was calculated as mean ± standard error of the mean and expressed in percent. Comparison of the Swing Time medians between the reconstructed and the non-reconstructed sides (n = 10) (B). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. Medians are presented with a black line. Stars and dots indicate outliers.


The Swing Time ratio of the non-reconstructed side (Figure 9A) was highly significantly (p < 0.01) increased to 114% of baseline at WPO1. In contrast to the non-reconstructed side, it remained significantly elevated from baseline at WPO3, WPO4 as well as at later timepoints at WPO9 and WPO11 (p < 0.05). It was highly significantly different at WPO6 and WPO8 (p < 0.01) as well as at WPO12.

No significant differences in Swing Time ratios between the reconstructed and the non-reconstructed sides were observable (Figure 9B).



3.3.3.2 Duty cycle

At WPO1, the Duty Cycle ratio (Figure 10A) of the reconstructed side was highly significantly (p < 0.01) reduced to a minimum of 90% of baseline. It was still highly significantly decreased (p < 0.01) compared to Pre -OP at WPO6. However, from WPO6 until WPO12, Duty Cycle recovered to 94%. It was no longer significantly different from Pre-OP.


[image: “Two graphs labeled A and B show the course of duty cycle for reconstructed and non-reconstructed sides over 12 weeks. Graph A is a line chart showing duty cycle from preoperative baseline to week 12. Graph B is a box plot comparing medians of reconstructed and non-reconstructed sides, with medians indicated by black lines. Stars and dots mark outliers. Significant differences compared to Pre-OP are indicated with asterisks (*p < 0.05, **p < 0.01) and plus signs (+p < 0.06).”]
FIGURE 10
Duty cycle. Course of Duty Cycle of the reconstructed (Reconstructed front paw/Reconstructed side hind paw) and non-reconstructed sides (Non-reconstructed front paw/Non-reconstructed side hind paw) (A) from pre-operatively (t = 0) until 12 weeks after bilateral median nerve injury and unilateral epineurial repair (n = 10). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. +p < 0.06 indicates almost significant differences compared to Pre-OP. All data was calculated as mean ± standard error of the mean and expressed in percent. Comparison of the Duty Cycle medians between the reconstructed and the non-reconstructed sides (n = 10) (B). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. Medians are presented with a black line. Stars and dots indicate outliers.


The Duty Cycle ratio of the non-reconstructed side (Figure 10A) also decreased to a minimum of 89% at WPO1, which was highly significantly (p < 0.01) compared to Pre-OP. However, in contrast to the reconstructed side, the Duty Cycle ratio was significantly (p < 0.05) altered from baseline not only at the early time points, but also at WPO9 as well as highly significantly (p < 0.01) at WPO6 and WPO8 where it reached second and third lowest values. It recovered to 92% by WPO12, which was still significantly different (p < 0.05) from Pre-OP.

Between WPO4 and WPO12, the reconstructed side Duty Cycle ratio was slightly increased compared to the non-reconstructed side ratio (Figure 10B). At WPO8, this difference reached statistical significance (z = 1.988, p < 0.05).




3.3.4 Other parameters of gait


3.3.4.1 Swing speed

The Swing Speed ratio of the reconstructed side (Supplementary Figure 2A) was highly significantly (p < 0.01) reduced to around 85% compared to Pre-OP at WPO3 and WPO6. From week 6 onward, the parameter recovered to 89% of baseline until WPO12, which was still significantly different (p < 0.05) from baseline.

On the non-reconstructed side, Swing Speed ratio (Supplementary Figure 2A) exhibited a significant reduction (p < 0.05) to 87% of baseline at WPO1. The Swing Speed ratio demonstrated highly statistically significant (p < 0.01) differences from Pre-OP at WPO4 and from WPO6 until WPO10. It maintained values between 88 and 91% until the end of the observation period and was still highly significantly different from Pe-OP (p < 0.01) at WPO12.

There were no statistically significant differences between the Swing Speed ratio of the reconstructed side compared to the non-reconstructed-side until WPO12 (Supplementary Figure 2B).



3.3.4.2 Stand index

The Stand Index ratio of the reconstructed side (Figure 11A) was increased to 147% of baseline at WPO1. Until the end of the observation period, it recovered to values near 100%. There were no significant differences to baseline at any time point.


[image: “Two graphs labeled A and B show the course of stand index for reconstructed and non-reconstructed sides over 12 weeks. Graph A is a line chart illustrating the course of stand index from preoperative baseline to week 12, expressed in percent and shown as mean ± standard error of the mean. Graph B is a box plot comparing medians of reconstructed and non-reconstructed sides. Medians are indicated by black lines, while stars and dots mark outliers. Significant differences compared to Pre-OP are marked with asterisks (*p < 0.05, **p < 0.01).”]
FIGURE 11
Stand index. Course of Stand Index of the reconstructed (Reconstructed front paw/Reconstructed side hind paw) and non-reconstructed sides (Non-reconstructed front paw/Non-reconstructed side hind paw) (A) from pre-operatively (t = 0) until 12 weeks after bilateral median nerve injury and unilateral epineurial repair (n = 10). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. All data was calculated as mean ± standard error of the mean and expressed in percent. Comparison of the Stand Index medians between the reconstructed and the non-reconstructed sides (n = 10) (B). *p < 0.05 as compared to Pre-OP. **p < 0.01 as compared to Pre-OP. Medians are presented with a black line. Stars and dots indicate outliers.


The non-reconstructed side Stand Index ratio (Figure 11A) revealed a comparable increase to 148% of baseline at WPO1. In contrast to the reconstructed side, it remained elevated throughout the whole observation period and was significantly different (p < 0.05) from Pre-OP at WPO12.

The medians of the reconstructed side Stand Index ratio were significantly lower compared to the non-reconstructed side at WPO4 (z = 2.497, p < 0.05), WPO10 (z = 2.701, p < 0.01) and WPO12 (z = 2.599, p < 0.01) (Figure 11B).



3.3.4.3 Single stance

The reconstructed side Single Stance ratio (Supplementary Figure 3A) revealed an increment following median nerve injury. It was significantly (p < 0.05) different from Pre-OP at WPO4 and from WPO8 until WPO10. Single Stance ratio reached a maximum of 112% of baseline at WP12, which was highly significant (p < 0.01) compared to Pre-OP.

In accordance with this observation, the non-reconstructed side Single Stance ratio (Supplementary Figure 3A) increased to 110% of baseline at WPO1 and remained increased until WPO12. There were no statistically significant differences compared to Pre-OP throughout the study period.

Single Stance did not exhibit any statistically significant differences between the reconstructed side and the non-reconstructed side ratios (Supplementary Figure 3B).





3.4 Reflex based grasping strength


3.4.1 Grasping score

Median nerve injury resulted in a total loss of overall grasping ability of all rats (n = 10) at WPO1 (1/3 on Stossel’s rating scale) (Figure 12). The first signs of motor reinnervation of the finger flexors were evident after 2–3 weeks, with 20% of the rats able to flex the interphalangeal joints in accordance with a Grasping Score of 2/3. Three weeks after injury and repair 30% of the animals had regained the ability to exert a measurable grasping strength. After five weeks, all animals were able to pull the bar with measurable grasping force (3/3).


[image: “A bar chart illustrates grasping scores in rats assessed before surgery and up to 12 weeks after median nerve transection and epineurial repair. At week 5 postoperatively, all animals demonstrated reinnervation of the toe flexors and were able to exert measurable grasping strength.”]
FIGURE 12
Grasping score. Evaluation of the overall grasping ability prior to (t = 0) and after median nerve transection and epineurial repair in rats (n = 10). All rats showed reinnervation of the toe flexors and were able to exert measurable grasping strength in the reflex-based Grasping Test at five weeks postoperatively (WPO5).




3.4.2 Mean and max grasping strength

The Mean Grasping Strength (Figure 13A) was significantly reduced to 0% compared to Pre-OP during the first two weeks after median nerve injury (p < 0.01). Subsequently, from WPO2 onward, mean grasping strength progressively increased to 7% at WPO3 and 26% at WPO4, which was still significantly different from Pre-OP (p < 0.01). Until WPO12, mean grasping strength recovered to 68% of baseline, no longer displaying statistical significance when compared to Pre-OP data.


[image: “Two line graphs show the course of grasping strength of the reconstructed side from preoperatively until 12 weeks after surgery. Graph A illustrates the time course of mean grasping strength, while Graph B depicts the maximum grasping strength over the same period. Both are expressed as percent of preoperative values. Statistical significance compared to baseline is marked with **p < 0.01.”]
FIGURE 13
Grasping strength. Time course of mean (A) and maximum grasping strength (B) of the reconstructed side from pre-operatively (t = 0) until 12 weeks postoperatively (n = 10). **p < 0.01 as compared to Pre-OP. All data was calculated as mean ± standard error of the mean and expressed in percent.


The Max Grasping Strength (Figure 13B) followed a similar trend. After the initial significant decrement to 0% of baseline at WPO1 and WPO2 (p < 0.01). there was a notable increase to 31% of baseline at WPO4 (p < 0.01), still highly significantly different from Pre-OP. Maximum grasping strength recovered to 84% until WPO12, no longer significantly different from baseline.




3.5 Wet muscle weight

The ratio of FDS muscle weight to body weight was significantly higher on the reconstructed side (2.23?, SEM = 0.07) than on the non- reconstructed side (0.92?, SEM = 0.04), t (9) = 21.906, p = < 0.001 (Figures 14, 15).


[image: “A bar chart compares the wet muscle weight ratio of the flexor digitorum superficialis muscle between reconstructed and non-reconstructed sides at 12 weeks after surgery. The reconstructed side shows a higher muscle weight ratio, while the non-reconstructed side is markedly lower. A double asterisk (**p < 0.01) indicates a statistically significant difference.”]
FIGURE 14
Wet muscle weight. Comparison of the wet muscle weight ratios of the flexor digitorum superficial muscles of the reconstructed and non-reconstructed side at week 12 after median nerve transection and epineurial repair (n = 10). Statistical analysis was performed with the parametric paired t-test. **p < 0.01 as compared to Pre-OP. FDS: Flexor digitorum superficialis muscle.



[image: “Two pieces of muscle tissue (flexor digitorum superficialis muscles) of the reconstructed and the non-reconstructed side are displayed on a grid background. The left flexor digitorum superficialis muscle, labeled “Reconstructed side” in blue, is thicker. The right flexor digitorum superficialis muscle, labeled “Non-reconstructed side” in red, is thinner.”]
FIGURE 15
Representative macroscopic appearance of the superficial flexor digitorum muscles of the reconstructed and non-reconstructed side (as indicated) harvested 12 weeks postoperatively.




3.6 Correlation analysis


3.6.1 Correlation analysis between CatWalk and Von Frey test data

On the reconstructed side, Print Length showed a significant (p < 0.05) correlation with the MWT of the ulnar test site, whereas Print Width (p < 0.01) and Print Area (p < 0.05) correlated significantly with MWT of the radial test site. The reconstructed side did not reveal any significant correlations between the pain-related parameters of gait and the MWTs as assessed with the Von Frey Test (Supplementary Tables 1 and 2).

On the non-reconstructed side, Print Width correlated significantly (p < 0.05) with the MWT of the central test site, while Print Area exhibited a significant (p < 0.05) correlation with the MWTs of the central and ulnar test sites (Supplementary Tables 3 and 4).

Additionally, the pain-related parameter Duty Cycle correlated significantly (p < 0.05) with the MWT of the ulnar test site. Almost significant correlations were observed between Swing Time and the MWT of the ulnar test sites (p = 0.051) as well as between Duty Cycle and the MWT of the central test site (p = 0.056). Moreover, there was a significant (p < 0.05) correlation between Stand Index and the MWTs of all test sites (Supplementary Tables 3 and 4).



3.6.2 Correlation analysis between CatWalk and grasping test data

Reconstructed side ratios of Print Width, Print Area, Duty Cycle, Swing Speed and Stand Index highly significantly (p < 0.01) correlated with Mean and Max Grasping Strength of the reconstructed sides. Swing Time correlated significantly (p < 0.05) with Max Grasping Strength and highly significantly (p < 0.01) with Mean Grasping Strength. Print Length showed a significant correlation (p < 0.05) with Mean Grasping Strength, only (Supplementary Tables 1 and 2).



3.6.3 Correlation analysis between the Von Frey and grasping test data

For the reconstructed side, MWT of the ulnar test site correlated highly significantly (p < 0.01) with Mean and Max Grasping Strength (Supplementary Tables 1 and 2).



3.6.4 Correlation analysis within Von Frey data

On the reconstructed and non-reconstructed sides, MWTs of the radial test sites, innervated by the median nerve, correlated highly significantly (p < 0.01) with the MWTs of the central, and ulnar test sites, (Supplementary Tables 1 and 2). Additionally, MWT of the central test site revealed a highly significant correlation (p < 0.01) with the MWT of the ulnar test site.



3.6.5 Correlations between CW parameters categories

On the reconstructed side, a high degree of correlation (p < 0.01) was observable between the general parameters Print Area, Print Width, Print Length and the pain-related parameters Swing Time and Duty Cycle as well as the other parameter of gait Swing Speed (Supplementary Tables 1 and 2). The pain-related parameter Duty Cycle significantly correlated with Stand Index, whereas Swing Time correlated with Single Stance.

Correlation analysis between the distinct CW parameter categories on the non-reconstructed side reveled highly significantly correlations (p < 0.01) between Print Area and all pain-related parameters as well as Swing Speed. Print Area correlated significantly (p < 0.05) with Stand Index and Single Stance. Print Length correlated highly significantly (p < 0.01) with Swing Time and Duty Cycle as well as Swing Speed and significantly (p < 0.05) with Stand Index. Print Width correlated significantly (p < 0.05) with Duty Cycle and other gait parameters Stand Index and Single Stance. All pain-related parameters highly significantly (p < 0.01) correlated with Swing Speed. Moreover, Swing Time correlated significantly with Stand Index (Supplementary Tables 3 and 4).





4 Discussion

Due to the limitations of the study regarding the chosen study design and the absence of a separate control group, the present work can only be interpreted as a pilot study and does not allow to draw any conclusions from it. The study represents the first comprehensive evaluation of motor and sensory recovery as well as pain related behavior following median nerve transection and epineurial repair by means of CatWalk gait analysis, the Grasping Test and the Von Frey Test. All three outcome measures are also established in clinical practice, which further highlights their translational value (Moon et al., 2016; Sasaki et al., 2007; Perkins et al., 2010; Bertelli et al., 2018). In addition, our work marks the first investigation of correlations between these three functional tests. Moreover, our pilot study provides novel insights into the sensory reinnervation and the development and maintenance of mechanical allodynia across the distinct innervation areas of the forepaws for the first time in a at upper extremity nerve injury model considering the potential contribution of collateral sprouting.


4.1 The Von Frey test

Following median nerve injury, rats demonstrated temporal reduced responsiveness to mechanical stimuli in the areas of the forepaw innervated by the median nerve, a condition that can be attributed to denervation. However, within 2 weeks after injury, the MWTs started to decrease indicating the development of mechanical allodynia. Interestingly, in areas innervated by the uninjured ulnar nerve and the non-selectively innervated areas of the forepaws, signs of early mechanical allodynia were evident as early as one week after injury on both sides. Previous studies reported earliest signs of nerve regeneration in regard to motor function after 2–3 weeks in the rodent median nerve injury model (Lauer et al., 2022; Heinzel et al., 2020c; Daeschler et al., 2018). In contrast, first signs of sensory recovery appeared after more than 4 weeks in a mouse model of median nerve transection and repair (Shaikh et al., 2016). This discrepancy suggests that the early development of mechanical allodynia across all innervation areas in our study, also in areas of the paw, where the nerves are completely intact, may not be solely attributed to axonal regeneration in this early phase after nerve injury, but to other mechanism such as collateral spouting of the adjacent intact ulnar nerve into denervated areas of the forepaw. This hypothesis is further supported by studies demonstrating collateral sprouting of the saphenous and sural nerves as compensatory mechanism in the first weeks after sciatic nerve injury or spared nerve injury. Notably, this early collateral sprouting has been linked to the onset of mechanical allodynia (Cobianchi et al., 2014; Kambiz et al., 2015; Kingery and Vallin, 1989; Devor and Govrin-Lippmann, 1979; Jeon et al., 2024; Kingery et al., 1994; Vallin and Kingery, 1991). A key finding of Cobianchi et al. supporting the contribution of this mechanism, is the surgical transection of the saphenous nerve after 14 days resulting in a complete loss of sensation at the plantar skin of the hindpaw. This observation together with histological data confirmed that the early mechanical allodynia in this model was predominantly mediated by collateral sprouting of the saphenous nerve (Cobianchi et al., 2014). In accordance to these findings, it can be posited that a comparable process might contribute to sensory reinnervation in this model of median nerve injury, especially during the initial phase after nerve injury before axonal regeneration becomes the main driver of median nerve recovery.

In the study at hand, from WPO6 onward, development of late mechanical allodynia was observed in the median nerve innervated areas. This is in a line with findings in the sciatic nerve injury model, where regeneration-induced mechanical allodynia was observed after four weeks. In the same study, transection of the saphenous nerve after 28 days no longer resulted in a loss of sensation at the plantar skin as compared to transection after 14 days, as the sciatic nerve innervated areas and the central areas remained responsive and rats continued to exhibit mechanical allodynia (Cobianchi et al., 2014). This observation strongly supports the conclusion, that mechanical allodynia at this later stage was no longer mediated by collateral sprouting of the saphenous nerve, but rather by axonal regeneration of the sciatic nerve. We therefore hypothesize late mechanical allodynia in our upper extremity model to be indicative of regenerating axons of the median nerve reaching their distal end organs in the skin. Interestingly, several studies reported reduction or even resolution of collateral sprouting induced allodynia once nerve regeneration occurred, supporting the hypothesis that axonal regeneration may counteract maladaptive collateral sprouting (Kingery et al., 1994; Kinnman et al., 1992; Kambiz et al., 2015). However, our results demonstrated long-lasting mechanical allodynia of both forepaws until WPO12 suggesting chronic neuropathic pain. Nevertheless, from WPO6 onward there were significant differences between the reconstructed and non-reconstructed side. Rats experienced reduced mechanical allodynia on the reconstructed side, which we attribute to the reinnervation by regenerating axons of the median nerve. In contrast, on the non-reconstructed side rats exhibited persistent and even aggravated mechanical allodynia, although burying the nerve stumps of the non-reconstructed median nerve in the surrounding muscles, a procedure known to result in smaller, mechanically isolated neuromas (Dellon et al., 1984). We suggest that increased mechanical allodynia on the non-reconstructed side resulted from sustained collateral sprouting of the ulnar nerve, exacerbated by the absence of competing median nerve regeneration on this side. However, persistent mechanical allodynia on the reconstructed side, although alleviated in comparison to the non-reconstructed indicates that both processes, collateral sprouting and nerve regeneration may coexist and interact in a more complex way potentially leading to maladaptive interactions. Further studies are needed to elucidate the underlying mechanism in the development of chronic mechanical allodynia after peripheral nerve injury.

Significant correlations were revealed between the MWTs of the different test sites indicating that reduced MWT of one specific paw area paralleled with decreased MWTs in the other areas. This further supports the hypothesis that collateral sprouting of the intact ulnar nerve paralleled with the development of mechanical allodynia in all test sites of the forepaws. The ulnar nerve may expand its innervation territory through collateral sprouting of axons into adjacent territories in an attempt to reinnervate denervated areas. Although functional recovery after peripheral nerve injury might be achieved by axonal regeneration, by collateral sprouting or to some extent by central neuroplasticity, all of these processes have also been suggested to result in maladaptive alterations and contribute to neuropathic pain (Coderre et al., 1993; Kuner, 2010; Navarro et al., 2007). Several studies have proven that nerve injuries result in unique molecular and neurophysiological alterations in uninjured sensory neurons differing from those in injured sensory neurons. (Hudson et al., 2001; Weissner et al., 2006; Chen et al., 2017; Berta et al., 2017; Djouhri et al., 2012; Djouhri et al., 2006; Yang et al., 2018). Those alterations in uninjured sensory afferents are suggested to play an important role in chronic neuropathic pain (Tran and Crawford, 2020). Collateral sprouting might exacerbate neuropathic pain through hyperinnervation or miswiring of collaterals (Peleshok and Ribeiro-Da-Silva, 2011; Griffin et al., 2010). Nevertheless, the overall mechanisms of collateral sprouting into denervated skin and the contribution to neuropathic pain are still poorly understood. Collateral spouting of uninjured neurons has been suggested to be triggered by exposure to the Wallerian degeneration milieu (Collyer et al., 2014; Bao et al., 2016; Lemaitre and Court, 2021). Wallerian degeneration induces a growth response, which has been stated to also depend on the activation of a unique transcriptional programs resulting in upregulation and overexpression of distinct collateral sprouting associated genes (Lemaitre et al., 2020).



4.2 CatWalk gait analysis

Rats exhibited the most prominent gait alterations in the first three weeks after median nerve injury with the rats refraining to bear weight on the median nerve innervated areas comparable with previous studies (Chen et al., 2012a; Chen et al., 2012b; Heinzel et al., 2022; Heinzel et al., 2020c). We suggest, that these early gait alterations are attributed to both sensory and motor dysfunction resulting from median nerve injury. During this time, the MWTs of both sides are significantly reduced, suggesting that this early gait alterations may also be influenced by mechanical allodynia. From WPO4 and 6 onward, gait improvements particularly on the reconstructed side, corresponded with sensory and motor reinnervation by regenerating axons of the median nerve evidenced by recovery of grasping strength and the onset of late mechanical allodynia. Accordingly, significant differences in gait parameters between the reconstructed and non-reconstructed side were evident especially at later time points. Although gait parameters did not fully recover until the end of the observation period, rats exhibited significantly improved gait parameters on the reconstructed side from WPO4 with more robust and evenly paw load on the median nerve innervated areas of the forepaws indicating a significant effect of median nerve repair on functional outcome.

While previous studies have examined correlations between CW parameters and the Von Frey Test after sciatic chronic constriction injury (CCI) or crush injury, our study is the first to demonstrate correlations between sensory and motor function in the median nerve injury model (Vrinten and Hamers, 2003; Hoang et al., 2012; Heinzel et al., 2020c). Significant correlations were identified between general and pain-related gait parameters as well as with the Von Frey data, indicating that static and dynamic gait impairments are influenced not only by motor deficits but also by altered proprioception and pain perception after median nerve injury and repair. A recent meta-analysis demonstrated that standard pharmacological treatments for neuropathic pain, including gabapentinoids, were able to improve gait alterations in preclinical models of traumatic nerve injury (Huerta et al., 2025). These findings support our suggestion that pain contributes to altered gait behavior in addition to motor impairment. Moreover, in a streptozotocin-induced diabetic neuropathy model, CatWalk gait analysis revealed alterations in Print Area, Maximum Contact Area and Stride Length which occurred in parallel with the development of hyperalgesia as assessed with the Von Frey Test (Vieira et al., 2020). These CW parameters correlated strongly with mechanical withdrawal thresholds, further indicating that gait alterations are influenced by neuropathic pain (Vieira et al., 2020). It should be noted, that the CW gait analysis represents a non-evoked behavioral testing method, as the rats traverses the walkway voluntarily. As ambulation is a naturally occurring behavioral pattern, the gait analysis, in contrast to the majority of other methods, is a feasible method to capture non-stimulus evoked pain (Deuis et al., 2017; Ma et al., 2022; Vrinten and Hamers, 2003; González-Cano et al., 2020). A recent systematic review highlighted that gait analysis may be the most effective strategy for measuring non-evoked pain in preclinical models of neuropathic pain and is more likely to reflect clinical presentation of neuropathic pain conditions, which are predominantly characterized by spontaneous, non-evoked rather than stimulus-evoked pain (Huerta et al., 2024).

Bilateral median nerve injury induced an increase of Stand Index and Single Stance (Heinzel et al., 2020c), suggesting the rats attempt to minimize painful contact with the floor and favor less painful limbs, aligning with previous research suggesting Stand Index and Single Stance as potential measures of pain (Kameda et al., 2017; Zahoor et al., 2016; Sakuma et al., 2013; Zhang et al., 2021; Chiang et al., 2014). Chiang et al. identified correlations between Single Stance and expression of Nerve Growth Factor and Tumor Necrosis Factor-alpha in the CCI rat model, supporting its use as a potential pain indicator (Chiang et al., 2014). In our study, the non-reconstructed side consistently exhibited higher Stand Index especially at WPO12, linked to aggravated mechanical allodynia at this timepoint. The correlation between Stand Index and Single Stance with pain-related parameters as well as the inverse correlation of Stand Index and the MWTs of all test sites on the non-reconstructed side as assessed in our study further supported the hypothesis that these gait parameters might be influenced by pain perception (Heinzel et al., 2020c). The lack of correlation between Stand Index and Von Frey data on the reconstructed side might be attributed to reduced mechanical allodynia and the overall increased Print Area on this side due to median nerve regeneration.



4.3 Grasping strength

Following median nerve transection and repair rats revealed total loss of grasping ability due to denervation. Earliest signs of motor recovery (flexion of the toes) were observed at WPO2, which was followed by the ability to exert measurable grasping strength starting at WPO3. A systematic review on the grasping test described first signs of motor recovery after a mean of 23.3 days following median nerve transection and epineurial repair while maximal motor recovery was reached after 100 days (Lauer et al., 2022). Daeschler et al did not observed active finger flexion in the first two weeks after median nerve transection and epineurial coaptation in female Sprague Dawley rats, however, grasping strength was measurable at WPO3, which was in a line with our findings (Daeschler et al., 2018). Interestingly, Beck-Broichsitter et al. measured grasping strength as early as 2 weeks after median nerve injury and repair in female rats (Beck-Broichsitter et al., 2014). Several studies have reported more pronounced nerve regeneration in female rats due to neuroprotective effects of the sex hormones (Kovacic et al., 2003; Roglio et al., 2008). In our study, nearly all assessed gait parameters correlated with mean and maximum grasping strength, indicating that gait and grasping strength improvements on the reconstructed side can be attributed to median nerve motor reinnervation. However, although the median nerve predominantly innervates the long toe flexors, contribution of the ulnar nerve to the innervation of this flexor muscles cannot be entirely excluded. Additionally, significant correlations between the MWT of the ulnar test site of the reconstructed side and mean and maximum grasping strength were observable, suggesting that mechanical allodynia might affect grasping strength. In a line, Montilla-García et al. demonstrated in a complete Freund’s adjuvant model of joint inflammation that grip strength can serve as an indirect measure of tactile allodynia, as it correlated with mechanical withdrawal thresholds assessed by the Von Frey Test. Moreover, analgesics such as Oxycodone and Tramadol were able to partially reverse the deficits in grip strength (Montilla-García et al., 2017). To assess grasping strength, it is essential to elicit a grip reflex. Subsequently, the grasping test examines a sensory motor circuit, which might be influenced by altered sensation of the forepaw and neuropathic pain (Lauer et al., 2022; Navarro, 2016; Stößel et al., 2017; Heinzel et al., 2020c).




5 Limitations

The present pilot study has several limitations which need to be considered. One important limitation is related to the research design, involving bilateral median nerve injury (reconstructed side vs. non-reconstructed side) within the same animal. On the one hand, this bilateral approach, minimizes the interindividual variability in behavioral outcomes by allowing comparison between the reconstructed and non-reconstructed side within the same animal. Our study design followed previous studies which implemented behavioral analysis in the bilateral median nerve injury models (Dietzmeyer et al., 2019; Sinis et al., 2006; Stößel et al., 2017; Heinzel et al., 2020c). From an ethical perspective, there is evidence that functional deficits after bilateral median nerve injury are mild and not comparable to other nerve injury models such as the sciatic nerve injury model, where even unilateral lesions result in severe motor and sensory impairment (Stößel et al., 2017). Consistently, none of the existing literature on bilateral median nerve injury reported a frequent occurrence of termination criteria due to stress on the animals in the context of bilateral injury (Dietzmeyer et al., 2019; Sinis et al., 2006; Stößel et al., 2017; Heinzel et al., 2020c).

On the other hand, the absence of a separate sham group complicates the distinction between nerve injury-related changes and postoperative pain especially in an early phase after surgery/injury. In our study design, however, functional testing was performed no earlier than one week after surgery, at a time point when no clinical signs of pain were present. Animals received analgesics for the first two postoperative days and thereafter only on demand if pain was observed. We therefore consider it unlikely that postoperative pain had a relevant impact on the observed functional outcomes. Moreover, some might think that the chosen bilateral design might cause confounding effects. In a spinal nerve ligation model it has been demonstrated, that unilateral injury causes changes in the contralateral, uninjured side (Arguis et al., 2008). However specifically for median nerve injury Li et al. reveled that injury to the median nerve on one side only leads to changes in the cortical area of the contralateral median nerve if the ulnar nerve on the same side is also injured, to be the most important and fundamental for our animal experiment design. In this study, an isolated lesion of the median nerve, e.g., on the right side, did not lead to an alteration in the cortex activity of the uninjured median nerve on the uninjured left side as determined by functional magnetic resonance imaging (Li et al., 2013). A bilateral approach, however, might complicate the assignment to condition specific changes (nerve injury with immediate repair/vs. nerve injury without repair). In contrast, unilateral designs with separate sham and control groups might help to distinguish between surgery-related pain, alterations resulting from nerve injury with reconstruction and from nerve injury without reconstruction, but at the cost of substantially increasing the number of animals required. Regarding the implemented functional test there are further specific limitations: The Von Frey Test relies on repeated measurements, which may result in learned behavioral responses, procedural sensitization and increased stress. To minimize these effects, the number of applications of the Von Frey filaments should be reduced, if possible, and sufficient rest between trials should be provided. In addition to methodological limitations, future studies should consider sex differences in the evaluation of nerve regeneration and neuropathic pain following peripheral nerve injury. Recent studies suggest, that female rats are more prone to developing mechanical allodynia after peripheral nerve injury than male rats, likely due to ovarian hormones and genetic factors (Coyle et al., 1996; Dominguez et al., 2008). Moreover, female rats appear to exhibit more extensive collateral sprouting potentially attributed to a higher sprouting capacity of thin myelinated sensory axons (Kovacic et al., 2003). A further limitation of the present pilot study is the lack of histological analyzes of the median nerves and the FDS muscles, that would support the observed behavioral phenomena und would allow for comprehensive assessment of muscle atrophy and reinnervation. Advanced techniques, such as retrograde labeling and immunohistochemistry, should be incorporated and correlated with functional outcomes measures in future studies to distinguish between axonal regeneration and collateral sprouting and to characterize distinct patterns of cutaneous reinnervation associated with each mechanism. Based on our pilot study findings, future studies should also consider transecting the ulnar nerve at various timepoints after median nerve injury to confirm and elucidate the contribution of collateral sprouting to mechanical allodynia, in a line with previous work in the sciatic nerve model (Cobianchi et al., 2014).



6 Conclusion

Median nerve injury resulted in persistent functional deficits and mechanical allodynia across all innervation territories of the forepaws. Early mechanical allodynia in median nerve innervated areas may indicate a contribution of compensatory collateral sprouting from the adjacent intact ulnar nerve, whereas late allodynia is more likely attributed to median nerve regeneration. Both processes seem to contribute to sensory reinnervation and the persistence of mechanical allodynia. These results highlight the importance of considering the specific innervation territories when assessing sensory function in peripheral nerve injury models. The CatWalk gait analysis, the Grasping Test and the Von Frey Test proved to be feasible methods not only for evaluating motor recovery, but also for identifying different sensory reinnervation patterns in the rat median nerve injury model. Understanding the distinct contribution and interaction of collateral nerve sprouting and axonal regeneration after nerve injury to the development of functional deficits and chronic neuropathic pain will be crucial in the search of future therapeutic strategies.



Data availability statement

The original contributions presented in this study are included in this article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Regierungspräsidium Tübingen, Referat 35, Konrad-Adenauer-Straße 20, 72072 Tübingen. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JR: Software, Writing – original draft, Writing – review & editing, Formal analysis, Visualization, Data curation, Conceptualization, Investigation, Methodology, Validation. CP: Writing – review & editing, Methodology. MB: Methodology, Writing – review & editing. TW: Writing – review & editing, Methodology. AD: Methodology, Writing – review & editing. HL: Methodology, Writing – review & editing. JH: Conceptualization, Investigation, Methodology, Writing – review & editing, Validation, Writing – original draft, Supervision, Formal analysis, Project administration. JK: Supervision, Methodology, Conceptualization, Writing – original draft, Writing – review & editing, Validation.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. We acknowledge support by the Open Access Publishing Fund of University of Tübingen.



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.



Generative AI statement

The author(s) declare that Generative AI was used in the creation of this manuscript. During the preparation of this work the authors used DeepL Write in order to elaborate academic synonyms for various words and correct for comma placement, sentence structure and grammar, but only for selected sentences throughout the manuscript. After using this tool, the authors reviewed and edited the content as needed and take full responsibility for the content of the published article.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1602524/full#supplementary-material



References

	Ahčan, U., Arne, Z. M., Bajrović, F., and Janko, M. (1998). Contribution of collateral sprouting to the sensory and sudomotor recovery in the human palm after peripheral nerve injury. Br. J. Plast. Surg. 51, 436–443. doi: 10.1054/bjps.1997.0210

	Aman, M., Zimmermann, K., Thielen, M., Thomas, B., Daeschler, S., Boecker, A., et al. (2022). An Epidemiological and etiological analysis of 5026 peripheral nerve lesions from a European level I trauma center. J. Pers. Med. 12:1673. doi: 10.3390/jpm12101673

	Arguis, M. J., Perez, J., Martínez, G., Ubre, M., and Gomar, C. (2008). Contralateral neuropathic pain following a surgical model of unilateral nerve injury in rats. Reg. Anesth. Pain Med. 33, 211–216. doi: 10.1016/j.rapm.2007.12.003

	Attal, N., Lanteri-Minet, M., Laurent, B., Fermanian, J., and Bouhassira, D. (2011). The specific disease burden of neuropathic pain: Results of a French nationwide survey. Pain 152, 2836–2843. doi: 10.1016/j.pain.2011.09.014

	Bajrović, F., and Sketelj, J. (1996). Prior collateral sprouting of sensory axons delays recovery of pain sensitivity after subsequent nerve crush. Exp. Neurol. 141, 207–213. doi: 10.1006/exnr.1996.0155

	Bao, Q., Xiao, C., Wang, T., and Gu, Y. (2016). Novel atraumatic end-to-side repair model exhibits robust collateral sprouting independent of donor fiber injury. Plast. Reconstr. Surg. 137, 523–533. doi: 10.1097/01.prs.0000475764.76278.eb

	Beck-Broichsitter, B., Lamia, A., Geuna, S., Fregnan, F., Smeets, R., Becker, S., et al. (2014). Does pulsed magnetic field therapy influence nerve regeneration in the median nerve model of the rat? Biomed. Res. Int. 2014:401760. doi: 10.1155/2014/401760

	Bellaire, C., Inglesby, D., Marayati, N., Warburton, A., and Melamed, E. (2021). Trends in peripheral nerve epidemiology and reconstruction: A state database study of direct repairs, grafts, and conduits. Ann. Plast. Surg. 87, 179–186. doi: 10.1097/Sap.0000000000002823

	Berta, T., Perrin, F., Pertin, M., Tonello, R., Liu, Y., Chamessian, A., et al. (2017). Gene expression profiling of cutaneous injured and non-injured nociceptors in SNI animal model of neuropathic pain. Sci. Rep. 7:9367. doi: 10.1038/s41598-017-08865-3

	Bertelli, J. A., and Mira, J. C. (1995). The grasping test: A simple behavioral method for objective quantitative assessment of peripheral nerve regeneration in the rat. J. Neurosci. Methods 58, 151–155. doi: 10.1016/0165-0270(94)00169-h

	Bertelli, J., Cavalli, E., Mendes Lehn, V. L., and Ghizoni, M. F. (2018). Sensory deficits after a radial nerve injury. Microsurgery 38, 151–156. doi: 10.1002/micr.30161

	Bontioti, E., Kanje, M., and Dahlin, L. (2003). Regeneration and functional recovery in the upper extremity of rats after various types of nerve injuries. J. Peripher. Nerv. Syst. 8, 159–168. doi: 10.1046/j.1529-8027.2003.03023.x

	Bradman, M., Ferrini, F., Salio, C., and Merighi, A. (2015). Practical mechanical threshold estimation in rodents using von Frey hairs/Semmes-Weinstein monofilaments: Towards a rational method. J. Neurosci. Methods 255, 92–103. doi: 10.1016/j.jneumeth.2015.08.010

	Butler, S., Eek, D., Ring, L., Gordon, A., and Karlsten, R. (2019). The utility/futility of medications for neuropathic pain – an observational study. Scand. J. Pain 19, 327–335. doi: 10.1515/sjpain-2018-0317

	Casal, D., Mota-Silva, E., Iria, I., Pais, D., Farinho, A., Alves, S., et al. (2020). Functional and physiological methods of evaluating median nerve regeneration in the rat. J. Vis. Exp. 158:e59767. doi: 10.3791/59767

	Chaplan, S., Bach, F., Pogrel, J., Chung, J., and Yaksh, T. (1994). Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci. Methods 53, 55–63. doi: 10.1016/0165-0270(94)90144-9

	Chen, C., Liu, D., Yao, W., Gu, Y., Huang, F., Hei, Z., et al. (2017). Identification of key genes and pathways associated with neuropathic pain in uninjured dorsal root ganglion by using bioinformatic analysis. J. Pain Res. 10, 2665–2674. doi: 10.2147/JPR.S143431

	Chen, S. H., Tsai, Y. J., Lin, C. T., Wang, H. Y., Li, S. F., and Lue, J. H. (2012a). Changes in GABA and GABAB receptor expressions are involved in neuropathy in the rat cuneate nucleus following median nerve transection. Synapse 66, 561–572. doi: 10.1002/syn.21539

	Chen, S. H., Tsai, Y. J., Wang, H. Y., Lin, C. T., Li, S. F., and Lue, J. H. (2012b). Decreases of glycine receptor expression induced by median nerve injury in the rat cuneate nucleus contribute to NPY release and c-Fos expression. Life Sci. 90, 278–288. doi: 10.1016/j.lfs.2011.11.014

	Chiang, C. Y., Sheu, M. L., Cheng, F. C., Chen, C. J., Su, H. L., Sheehan, J., et al. (2014). Comprehensive analysis of neurobehavior associated with histomorphological alterations in a chronic constrictive nerve injury model through use of the CatWalk XT system. J. Neurosurg. 120, 250–262. doi: 10.3171/2013.9.JNS13353

	Cobianchi, S., de Cruz, J., and Navarro, X. (2014). Assessment of sensory thresholds and nociceptive fiber growth after sciatic nerve injury reveals the differential contribution of collateral reinnervation and nerve regeneration to neuropathic pain. Exp. Neurol. 255, 1–11. doi: 10.1016/j.expneurol.2014.02.008

	Coderre, T. J., Katz, J., Vaccarino, A. L., and Melzack, R. (1993). Contribution of central neuroplasticity to pathological pain: Review of clinical and experimental evidence. Pain 52, 259–285. doi: 10.1016/0304-3959(93)90161-H

	Cohnstein, W. (1897). ‘Max von Frey: Untersuchungen über die Sinnesfunktionen der menschlichen Haut. Erste Abhandlung: Druckempfindung und Schmerz. Abhandlungen der mathematisch-physischen Klasse der Königl. Sächsischen Gesellschaft der Wissenschaften. Bd. 23. No. 3. S. 169–266. 1896’. Zeitschrift Psychol. Physiol. Sinnesorgane 13.

	Colloca, L., Ludman, T., Bouhassira, D., Baron, R., Dickenson, A., Yarnitsky, D., et al. (2017). Neuropathic pain. Nat. Rev. Dis. Prim. 3:17002. doi: 10.1038/nrdp.2017.2

	Collyer, E., Catenaccio, A., Lemaitre, D., Diaz, P., Valenzuela, V., Bronfman, F., et al. (2014). Sprouting of axonal collaterals after spinal cord injury is prevented by delayed axonal degeneration. Exp. Neurol. 261, 451–461. doi: 10.1016/j.expneurol.2014.07.014

	Coyle, D. E., Susan Sehlhorst, C., and Behbehani, M. M. (1996). Intact female rats are more susceptible to the development of tactile allodynia than ovariectomized female rats following partial sciatic nerve ligation (PSNL). Neurosci. Lett. 203, 37–40. doi: 10.1016/0304-3940(95)12259-1

	Daeschler, S., Harhaus, L., Bergmeister, K., Boecker, A., Hoener, B., Kneser, U., et al. (2018). Clinically available low intensity ultrasound devices do not promote axonal regeneration after peripheral nerve surgery-a preclinical investigation of an FDA-approved device. Front. Neurol. 9:1057. doi: 10.3389/fneur.2018.01057

	Dahlin, L. B., and Wiberg, M. (2017). Nerve injuries of the upper extremity and hand. Efort Open Rev. 2, 158–170. doi: 10.1302/2058-5241.2.160071

	De La Puente, B., Zamanillo, D., Romero, L., Carceller, A., Vela, J. M., Merlos, M., et al. (2022). Comprehensive preclinical assessment of sensory, functional, motivational-affective, and neurochemical outcomes in neuropathic pain: The case of the sigma-1 receptor. ACS Pharmacol. Transl. Sci. 5, 240–254. doi: 10.1021/acsptsci.2c00005

	Dellon, A. L., Mackinnon, S. E., and Pestronk, A. (1984). Implantation of sensory nerve into muscle: Preliminary clinical and experimental observations on neuroma formation. Ann. Plast. Surg. 12, 30–40. doi: 10.1097/00000637-198401000-00006

	Deuis, J., Dvorakova, L., and Vetter, I. (2017). Methods used to evaluate pain behaviors in rodents. Front. Mol. Neurosci. 10:284. doi: 10.3389/fnmol.2017.00284

	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

	Devor, M., and Govrin-Lippmann, R. (1979). Selective regeneration of sensory fibers following nerve crush injury. Exp. Neurol. 65, 243–254. doi: 10.1016/0014-4886(79)90094-3

	Dietzmeyer, N., Förthmann, M., Leonhard, J., Helmecke, O., Brandenberger, C., Freier, T., et al. (2019). Two-chambered chitosan nerve guides with increased bendability support recovery of skilled forelimb reaching similar to autologous nerve grafts in the rat 10 mm median nerve injury and repair model. Front. Cell. Neurosci. 13:149. doi: 10.3389/fncel.2019.00149

	Djouhri, L., Fang, X., Koutsikou, S., and Lawson, S. N. (2012). Partial nerve injury induces electrophysiological changes in conducting (uninjured) nociceptive and nonnociceptive DRG neurons: Possible relationships to aspects of peripheral neuropathic pain and paresthesias. Pain 153, 1824–1836. doi: 10.1016/j.pain.2012.04.019

	Djouhri, L., Koutsikou, S., Fang, X., McMullan, S., and Lawson, S. (2006). Spontaneous pain, both neuropathic and inflammatory, is related to frequency of spontaneous firing in intact C-fiber nociceptors. J. Neurosci. 26, 1281–1292. doi: 10.1523/Jneurosci.3388-05.2006

	Dominguez, C. A., Lidman, O., Olsson, T., Wiesenfeld-Hallin, Z., Piehl, F., and Xu, X. J. (2008). Contrasting genetic effects of major histocompatibility complex on ischemic peripheral nerve and spinal cord injury in female rats. Neurosci. Lett. 443, 95–98. doi: 10.1016/j.neulet.2008.07.063

	Ferrier, J., Marchand, F., and Balayssac, D. (2016). Assessment of mechanical allodynia in rats using the electronic von frey test. Bio Protoc. 6:e1933. doi: 10.21769/BioProtoc.1933

	Finnerup, N., Haroutounian, S., Kamerman, P., Baron, R., Bennett, D., Bouhassira, D., et al. (2016). Neuropathic pain: An updated grading system for research and clinical practice. Pain 157, 1599–1606. doi: 10.1097/j.pain.0000000000000492

	Freeman, L., Wu, O., Sweet, J., Cohen, M., Smith, G., and Miller, J. (2020). Facial sensory restoration after trigeminal sensory rhizotomy by collateral sprouting from the occipital nerves. Neurosurgery 86, E436–E441. doi: 10.1093/neuros/nyz306

	Galtrey, C. M., and Fawcett, J. W. (2007). Characterization of tests of functional recovery after median and ulnar nerve injury and repair in the rat forelimb. J. Peripher. Nerv. Syst. 12, 11–27. doi: 10.1111/j.1529-8027.2007.00113.x

	González-Cano, R., Montilla-García, Á,Ruiz-Cantero, M. C., Bravo-CaparróS, I., Tejada, M., Nieto, F. R., et al. (2020). The search for translational pain outcomes to refine analgesic development: Where did we come from and where are we going? Neurosci. Biobehav. Rev. 113, 238–261. doi: 10.1016/j.neubiorev.2020.03.004

	Griffin, J., Pan, B., Polley, M., Hoffman, P., and Farah, M. (2010). Measuring nerve regeneration in the mouse. Exp. Neurol. 223, 60–71. doi: 10.1016/j.expneurol.2009.12.033

	Hamers, F., Lankhorst, A., van Laar, T., Veldhuis, W., and Gispen, W. (2001). Automated quantitative gait analysis during overground locomotion in the rat: Its application to spinal cord contusion and transection injuries. J. Neurotrauma 18, 187–201. doi: 10.1089/08977150150502613

	Haselbach, D., Raffoul, W., Larcher, L., Tremp, M., Kalbermatten, D., and di Summa, P. (2016). Regeneration patterns influence hindlimb automutilation after sciatic nerve repair using stem cells in rats. Neurosci. Lett. 634, 153–159. doi: 10.1016/j.neulet.2016.10.024

	Heinzel, J., Dadun, L., Prahm, C., Winter, N., Bressler, M., Lauer, H., et al. (2021). Beyond the knife-reviewing the interplay of psychosocial factors and peripheral nerve lesions. J. Pers. Med. 11:1200. doi: 10.3390/jpm11111200

	Heinzel, J., Oberhauser, V., Keibl, C., Schädl, B., Swiadek, N., Längle, G., et al. (2022). ESWT diminishes axonal regeneration following repair of the rat median nerve with muscle-in-vein conduits but not after autologous nerve grafting. Biomedicines 10:1777. doi: 10.3390/biomedicines10081777

	Heinzel, J., Oberhauser, V., Keibl, C., Swiadek, N., Längle, G., Frick, H., et al. (2020c). Evaluation of functional recovery in rats after median nerve resection and autograft repair using computerized gait analysis. Front. Neurosci. 14:593545. doi: 10.3389/fnins.2020.593545

	Heinzel, J., Langle, G., Oberhauser, V., Hausner, T., Kolbenschlag, J., Prahm, C., et al. (2020a). Use of the CatWalk gait analysis system to assess functional recovery in rodent models of peripheral nerve injury–a systematic review. J. Neurosci. Methods 345:108889. doi: 10.1016/j.jneumeth.2020.108889

	Heinzel, J., Swiadek, N., Ashmwe, M., Rührnößl, A., Oberhauser, V., Kolbenschlag, J., et al. (2020b). Automated gait analysis to assess functional recovery in rodents with peripheral nerve or spinal cord contusion injury. J. Vis. Exp. 164:52. doi: 10.3791/61852

	Hoang, N., Sar, C., Valmier, J., Sieso, V., and Scamps, F. (2012). Electro-acupuncture on functional peripheral nerve regeneration in mice: A behavioural study. BMC Complement. Altern. Med. 12:141. doi: 10.1186/1472-6882-12-141

	Hudson, L., Bevan, S., Wotherspoon, G., Gentry, C., Fox, A., and Winter, J. (2001). VR1 protein expression increases in undamaged DRG neurons after partial nerve injury. Eur. J. Neurosci. 13, 2105–2114. doi: 10.1046/j.0953-816x.2001.01591.x

	Huerta, M. Á., Roza, P., Cisneros, E., Alique, M., and Roza, C. (2025). Enhancing clinical translation of analgesics for neuropathic pain: A systematic review and meta-analysis on the role of non-evoked pain assessment in preclinical trials. Pain doi: 10.1097/j.pain.0000000000003697

	Huerta, M., Cisneros, E., Alique, M., and Roza, C. (2024). Strategies for measuring non-evoked pain in preclinical models of neuropathic pain: Systematic review. Neurosci. Biobehav. Rev. 163:105761. doi: 10.1016/j.neubiorev.2024.105761

	Jackson, C. M. (1936). Anatomy of the rat. By Eunice Chace Greene. With Foreword by Henry H. Donaldson. Transactions of the American Philosophical Society, Philadelphia, New Series, Volume Xxvii, 1935, 370 pp., 339 figures. The Anatomical Record, Vol. 65. Hoboken, NJ: John Wiley & Sons, 127–129.

	Jeon, S.-M., Pradeep, A., Chang, D., Mcdonough, L., Chen, Y., Latremoliere, A., et al. (2024). Skin reinnervation by collateral sprouting following spared nerve injury in mice. J. Neurosci. 44:e1494232024. doi: 10.1523/Jneurosci.1494-23.2024

	Kambiz, S., Duraku, L., Baas, M., Nijhuis, T., Cosgun, S., Hovius, S., et al. (2015). Long-term follow-up of peptidergic and nonpeptidergic reinnervation of the epidermis following sciatic nerve reconstruction in rats. J. Neurosurg. 123, 254–269. doi: 10.3171/2014.12.JNS141075

	Kameda, T., Kaneuchi, Y., Sekiguchi, M., and Konno, S.-I. (2017). Measurement of mechanical withdrawal thresholds and gait analysis using the CatWalk method in a nucleus pulposus-applied rodent model. J. Exp. Orthop. 4:31. doi: 10.1186/s40634-017-0105-5

	Karsy, M., Watkins, R., Jensen, M., Guan, J., Brock, A., and Mahan, M. (2019). Trends and cost analysis of upper extremity nerve injury using the national (nationwide) inpatient sample. World Neurosurg. 123, e488–e500. doi: 10.1016/j.wneu.2018.11.192

	Kingery, W. S., and Vallin, J. A. (1989). The development of chronic mechanical hyperalgesia, autotomy and collateral sprouting following sciatic nerve section in rat. Pain 38, 321–332. doi: 10.1016/0304-3959(89)90219-4

	Kingery, W., Lu, J., Roffers, J., and Kell, D. (1994). The resolution of neuropathic hyperalgesia following motor and sensory functional recovery in sciatic axonotmetic mononeuropathies. Pain 58, 157–168. doi: 10.1016/0304-3959(94)90196-1

	Kinnman, E., Aldskogius, H., Johansson, O., and Wiesenfeld-Hallin, Z. (1992). Collateral reinnervation and expansive regenerative reinnervation by sensory axons into “foreign” denervated skin: An immunohistochemical study in the rat. Exp. Brain Res. 91, 61–72. doi: 10.1007/BF00230013

	Koopmans, G., Deumens, R., Brook, G., Gerver, J., Honig, W., Hamers, F., 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

	Kovacic, U., Sketelj, J., and Bajrović, F. F. (2003). Sex-related difference in collateral sprouting of nociceptive axons after peripheral nerve injury in the rat. Exp. Neurol. 184, 479–488. doi: 10.1016/s0014-4886(03)00269-3

	Kubiak, C., Kung, T., Brown, D., Cederna, P., and Kemp, S. (2018). State-of-the-art techniques in treating peripheral nerve injury. Plast. Reconstr. Surg. 141, 702–710. doi: 10.1097/PRS.0000000000004121

	Kuner, R. (2010). Central mechanisms of pathological pain. Nat. Med. 16, 1258–1266. doi: 10.1038/nm.2231

	Lauer, H., Prahm, C., Thiel, J., Kolbenschlag, J., Daigeler, A., Hercher, D., et al. (2022). The grasping test revisited: A systematic review of functional recovery in rat models of median nerve injury. Biomedicines 10:1878. doi: 10.3390/biomedicines10081878

	Lemaitre, D., and Court, F. A. (2021). New insights on the molecular mechanisms of collateral sprouting after peripheral nerve injury. Neural Regen. Res. 16, 1760–1761. doi: 10.4103/1673-5374.306069

	Lemaitre, D., Hurtado, M., De Gregorio, C., Oñate, M., Martínez, G., Catenaccio, A., et al. (2020). Collateral sprouting of peripheral sensory neurons exhibits a unique transcriptomic profile. Mol. Neurobiol. 57, 4232–4249. doi: 10.1007/s12035-020-01986-3

	Li, R., Hettinger, P., Machol, J., Liu, X., Stephenson, J., Pawela, C., et al. (2013). Cortical plasticity induced by different degrees of peripheral nerve injuries: A rat functional magnetic resonance imaging study under 9.4 Tesla. J. Brachial Plex. Peripher. Nerve Inj. 8:4. doi: 10.1186/1749-7221-8-4

	Ma, L., Liu, S., Yi, M., and Wan, Y. (2022). Spontaneous pain as a challenge of research and management in chronic pain. Med. Rev. 2, 308–319. doi: 10.1515/mr-2022-0007

	Miclescu, A., Straatmann, A., Gkatziani, P., Butler, S., Karlsten, R., and Gordh, T. (2019). Chronic neuropathic pain after traumatic peripheral nerve injuries in the upper extremity: Prevalence, demographic and surgical determinants, impact on health and on pain medication. Scand. J. Pain 20, 95–108. doi: 10.1515/sjpain-2019-0111

	Minett, M., Quick, K., and Wood, J. (2011). Behavioral measures of pain thresholds. Curr. Protoc. Mouse Biol. 1, 383–412. doi: 10.1002/9780470942390.mo110116

	Montilla-García, Á,Tejada, M., Perazzoli, G., Entrena, J. M., Portillo-Salido, E., Fernández-Segura, E., et al. (2017). Grip strength in mice with joint inflammation: A rheumatology function test sensitive to pain and analgesia. Neuropharmacology 125, 231–242. doi: 10.1016/j.neuropharm.2017.07.029

	Montoya, C., Campbell-Hope, L., Pemberton, K., and Dunnett, S. (1991). The “staircase test”: A measure of independent forelimb reaching and grasping abilities in rats. J. Neurosci. Methods 36, 219–228. doi: 10.1016/0165-0270(91)90048-5

	Moon, Y., Sung, J., An, R., Hernandez, M. E., and Sosnoff, J. J. (2016). Gait variability in people with neurological disorders: A systematic review and meta-analysis. Hum. Mov. Sci. 47, 197–208. doi: 10.1016/j.humov.2016.03.010

	Murray, J. G., and Thompson, J. W. (1957). Collateral sprouting in response to injury of the autonomic nervous system, and its consequences. Br. Med. Bull. 13, 213–219. doi: 10.1093/oxfordjournals.bmb.a069616

	Nageotte, N. (1906). Régénération collatérale de fibres nerveuses terminées par des massues de croissance, à l’état pathologique et à l’état normal. Paris: Masson et Cie.

	Navarro, X. (2016). Functional evaluation of peripheral nerve regeneration and target reinnervation in animal models: A critical overview. Eur. J. Neurosci. 43, 271–286. doi: 10.1111/ejn.13033

	Navarro, X., Vivó, M., and Valero-Cabré, A. (2007). Neural plasticity after peripheral nerve injury and regeneration. Prog. Neurobiol. 82, 163–201. doi: 10.1016/j.pneurobio.2007.06.005

	Pagnussat Ade, S., Michaelsen, S., Achaval, M., and Netto, C. (2009). Skilled forelimb reaching in Wistar rats: Evaluation by means of Montoya staircase test. J. Neurosci. Methods 177, 115–121. doi: 10.1016/j.jneumeth.2008.10.001

	Papalia, I., Tos, P., Stagno D’alcontres, F., Battiston, B., and Geuna, S. (2003). On the use of the grasping test in the rat median nerve model: A re-appraisal of its efficacy for quantitative assessment of motor function recovery. J. Neurosci. Methods 127, 43–47. doi: 10.1016/s0165-0270(03)00098-0

	Peleshok, J. C., and Ribeiro-Da-Silva, A. (2011). Delayed reinnervation by nonpeptidergic nociceptive afferents of the glabrous skin of the rat hindpaw in a neuropathic pain model. J. Comp. Neurol. 519, 49–63. doi: 10.1002/cne.22500

	Perkins, B., Orszag, A., Ngo, M., Ng, E., New, P., and Bril, V. (2010). Prediction of incident diabetic neuropathy using the monofilament examination: A 4-year prospective study. Diabetes Care 33, 1549–1554. doi: 10.2337/dc09-1835

	Pollock, L. J. (1919). Overlap of so-called protopathic sensibility as seen in peripheral nerve lesions. Arch. Neurol. Psychiatry 2, 667–700. doi: 10.1001/archneurpsyc.1919.02180120065006

	Ritter, J., Menger, M., Herath, S., Histing, T., Kolbenschlag, J., Daigeler, A., et al. (2023). Translational evaluation of gait behavior in rodent models of arthritic disorders with the CatWalk device - a narrative review. Front. Med. 10:1255215. doi: 10.3389/fmed.2023.1255215

	Roglio, I., Bianchi, R., Gotti, S., Scurati, S., Giatti, S., Pesaresi, M., et al. (2008). Neuroprotective effects of dihydroprogesterone and progesterone in an experimental model of nerve crush injury. Neuroscience 155, 673–685. doi: 10.1016/j.neuroscience.2008.06.034

	Ronchi, G., Morano, M., Fregnan, F., Pugliese, P., Crosio, A., Tos, P., et al. (2019). The median nerve injury model in pre-clinical research – a critical review on benefits and limitations. Front. Cell. Neurosci. 13:288. doi: 10.3389/fncel.2019.00288

	Ruijs, A., Jaquet, J., Kalmijn, S., Giele, H., and Hovius, S. (2005). Median and ulnar nerve injuries: A meta-analysis of predictors of motor and sensory recovery after modern microsurgical nerve repair. Plast. Reconstr. Surg. 116, 484–94; discussion 495–6. doi: 10.1097/01.prs.0000172896.86594.07

	Sakuma, T., Kamoda, H., Miyagi, M., Ishikawa, T., Arai, G., Eguchi, Y., et al. (2013). Comparison of CatWalk analysis and von Frey testing for pain assessment in a rat model of nerve crush plus inflammation. Spine 38, E919–E924. doi: 10.1097/BRS.0b013e318297bfb6

	Sasaki, H., Kasagi, F., Yamada, M., and Fujita, S. (2007). Grip strength predicts cause-specific mortality in middle-aged and elderly persons. Am. J. Med. 120, 337–342. doi: 10.1016/j.amjmed.2006.04.018

	Shaikh, S., Shortland, P., Lauto, A., Barton, M., Morley, J., and Mahns, D. (2016). Sensory perturbations using suture and sutureless repair of transected median nerve in rats. Somatosens. Mot. Res. 33, 20–28. doi: 10.3109/08990220.2016.1142438

	Sinis, N., Schaller, H., Becker, S., Lanaras, T., Schulte-Eversum, C., Müller, H., et al. (2006). Cross-chest median nerve transfer: A new model for the evaluation of nerve regeneration across a 40 mm gap in the rat. J. Neurosci. Methods 156, 166–172. doi: 10.1016/j.jneumeth.2006.02.022

	Stößel, M., Rehra, L., and Haastert-Talini, K. (2017). Reflex-based grasping, skilled forelimb reaching, and electrodiagnostic evaluation for comprehensive analysis of functional recovery-The 7-mm rat median nerve gap repair model revisited. Brain Behav. 7:e00813. doi: 10.1002/brb3.813

	Timotius, I., Roelofs, R., Richmond-Hacham, B., Noldus, L., von Hörsten, S., and Bikovski, L. (2023). CatWalk XT gait parameters: A review of reported parameters in pre-clinical studies of multiple central nervous system and peripheral nervous system disease models. Front. Behav. Neurosci. 17:1147784. doi: 10.3389/fnbeh.2023.1147784

	Tran, E. L., and Crawford, L. K. (2020). Revisiting PNS plasticity: How uninjured sensory afferents promote neuropathic pain. Front. Cell. Neurosci. 14:612982. doi: 10.3389/fncel.2020.612982

	Vallin, J. A., and Kingery, W. S. (1991). Adjacent neuropathic hyperalgesia in rats: A model for sympathetic independent pain. Neurosci. Lett. 133, 241–244. doi: 10.1016/0304-3940(91)90579-i

	Vieira, W. F., Malange, K. F., De Magalhaes, S. F., Dos Santos, G. G., De Oliveira, A. L. R., Cruz-Hofling, 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. 736:12. 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

	Walcher, J., Ojeda-Alonso, J., Haseleu, J., Oosthuizen, M., Rowe, A., Bennett, N., et al. (2018). Specialized mechanoreceptor systems in rodent glabrous skin. J. Physiol. 596, 4995–5016. doi: 10.1113/Jp276608

	Weber, R. A., Proctor, W. H., Warner, M. R., and Verheyden, C. N. (1993). Autotomy and the sciatic functional index. Microsurgery 14, 323–327. doi: 10.1002/micr.1920140507

	Weddell, G., Guttmann, L., and Gutmann, E. (1941). The local extension of nerve fibres into denervated areas of skin. J. Neurol. Psychiatry 4, 206–225. doi: 10.1136/jnnp.4.3-4.206

	Weissner, W., Winterson, B., Stuart-Tilley, A., Devor, M., and Bove, G. (2006). Time course of substance P expression in dorsal root ganglia following complete spinal nerve transection. J. Comp. Neurol. 497, 78–87. doi: 10.1002/cne.20981

	Yang, J., Xie, M. X., Hu, L., Wang, X. F., Mai, J. Z., Li, Y. Y., et al. (2018). Upregulation of N-type calcium channels in the soma of uninjured dorsal root ganglion neurons contributes to neuropathic pain by increasing neuronal excitability following peripheral nerve injury. Brain Behav. Immun. 71, 52–65. doi: 10.1016/j.bbi.2018.04.016

	Zahoor, T., Mitchell, R., Bhasin, P., Schon, L., and Zhang, Z. A. (2016). Surgical model of posttraumatic osteoarthritis with histological and gait validation. Orthop. J. Sports Med. 4:2325967116658874. doi: 10.1177/2325967116658874

	Zhang, Y., Xu, X., Tong, Y., Zhou, X., Du, J., Choi, I. Y., et al. (2021). Therapeutic effects of peripherally administrated neural crest stem cells on pain and spinal cord changes after sciatic nerve transection. Stem Cell Res. Ther. 12:180. doi: 10.1186/s13287-021-02200-4

	Zumbusch, A., McEachern, E., Morgan, O., Nickner, E., and Mogil, J. (2024). Normative preclinical algesiometry data on the von frey and radiant heat paw-withdrawal tests: An analysis of data from more than 8,000 mice over 20 years. J. Pain 25:104468. doi: 10.1016/j.jpain.2024.01.333




Copyright
 © 2025 Ritter, Prahm, Büttcher, Wuttke, Daigeler, Lauer, Heinzel and Kolbenschlag. 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.

OPS/images/fnins-19-1602524-g002.jpg
Non-Reconstructed side

Median
nerve






OPS/images/fnins-19-1602524-g003.jpg





OPS/images/fnins-19-1602524-g001.jpg
econstructed side

p ¢

-
\
/

Median
nerve






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The course of mechanical allodynia differs between forelimb innervation territories following median nerve injury in the rat



		1 Introduction



		2 Materials and methods



		2.1 Animals and housing



		2.2 Surgical procedure



		2.3 Functional testing



		2.3.1 Von Frey test



		2.3.2 CatWalk XT



		2.3.3 Reflex based grasping strength







		2.4 Wet muscle weight



		2.5 Statistical analysis







		3 Results



		3.1 Animal welfare



		3.2 Von Frey test



		3.2.1 Comparison of the MWTs between the reconstructed and the non-reconstructed sides







		3.3 CatWalk gait analysis



		3.3.1 Prints of the forepaws



		3.3.2 General parameters of gait



		3.3.2.1 Print area



		3.3.2.2 Print length



		3.3.2.3 Print width







		3.3.3 Pain-related parameters of gait



		3.3.3.1 Swing time



		3.3.3.2 Duty cycle







		3.3.4 Other parameters of gait



		3.3.4.1 Swing speed



		3.3.4.2 Stand index



		3.3.4.3 Single stance











		3.4 Reflex based grasping strength



		3.4.1 Grasping score



		3.4.2 Mean and max grasping strength







		3.5 Wet muscle weight



		3.6 Correlation analysis



		3.6.1 Correlation analysis between CatWalk and Von Frey test data



		3.6.2 Correlation analysis between CatWalk and grasping test data



		3.6.3 Correlation analysis between the Von Frey and grasping test data



		3.6.4 Correlation analysis within Von Frey data



		3.6.5 Correlations between CW parameters categories











		4 Discussion



		4.1 The Von Frey test



		4.2 CatWalk gait analysis



		4.3 Grasping strength







		5 Limitations



		6 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fnins-19-1602524-g008.jpg
| Print Width reconstructed side
I Print Width non-reconstructed side

125
(a ¥
<
O 100
- 10U
&)
X *%
75
* *%* + *%* **
Sﬁ | I I I | | | | | | | |
1 2 3 4 o 6 7 8 9 10 11 12

weeks postoperative

B 150+

1254

% Pre-OP

100

75

S0

N
W

[] Print Width reconstructed side
B Print Width non-reconstructed side

I— ]*

I I | I | I I I

5 6 7 8 9 10 11 12
weeks postoperative





OPS/images/fnins-19-1602524-g009.jpg
% Pre-OP

B 150

| Swing Time reconstructed side
1 Swing Time non-reconstructed side

s 125-
S

100 gy, Mk
St
A
ar

75- 75

5()

&N
| I 1 | | | | |

] Swing Time reconstructed side
B Swing Time non-reconstructed side

Ll %”Hn?%w!ﬁﬁiﬁl*

5 6 7 8 9 10 11 12
weeks postoperative

=7
p—
N
W —

I [ I [
5 6 7 8 9 10 11 12
weeks postoperative





OPS/images/fnins-19-1602524-g006.jpg
Pre-OP WPO2 WPO4 WPO6 WPOS8 WPO10 WPO12






OPS/images/fnins-19-1602524-g007.jpg
150 | Print Area reconstructed side
1 Print Area non-reconstructed side
125 |
a. *%* - *
Q
§3100
[l
=
75 -
50 *%k %% % k% *% *% *%
| I 1 I I I 1 I I I | 1 I
0 1 2 3 4 5 6 7 8 9 10 11 12

weeks postoperative

% Pre-OP

150+

125+

100-

75-

S0

N
7]

[] Print Area reconstructed side
[ Print Area non-reconstructed side
*%

*%

~

=

o

TR

I I I I I I I | I I I I I
0 1 2 3 4 5 6 7 8 9 10 11 12
weeks postoperative





OPS/images/fnins-19-1602524-g004.jpg
A14-

12-

10 #

A MWT radial
= MWT central
* MWT ulnar

force (g)

0 1 2 3 4 5 6 7 8

weeks postoperative

force (g)

B..
A MWT radial
* MWT central
124 * MWT ulnar
10
8_
6 #
. *
4— ** **
*%*
== == il ﬁ
* i |
2 i o * *
I I | | | I | T T I I T
0 1 2 3 4 5 6 2 8 10 11 12

weeks postoperative





OPS/images/fnins-19-1602524-g005.jpg
force (g)

(]

A ..
[IMWT radial reconstructed side
BIMWT radial non-reconstructed side
25
20
Ci
D
g 15
(.
£
+ ™
10— ﬁ ﬁ pr— o

[—}

| | | | | | I
Pre-OP WPO1 WPO2 WPO3 WPO4 WPOS WPO6

C

| | |
WPO7 WPO8 WPO9

| | !
WPO10 WPO11 WPO12

[IMWT central reconstructed side 129 [EIMWT ulnar reconstructed side
BIMWT central non-reconstructed side BMWT ulnar non-reconstructed side
o 10 —
* *x % % * * % % *
| | | | | | | | 8 A r— — p— |—|“ l—'|"
*
| | @
(5]
* * * g 6 - * * * *
I kS
B _ _ I ) - - I I
* * * l l 2 — * * *x x * * l l
| |

I | | | | | | | | | |
Pre-OP WPO1 WPO2 WPO3 WPO4 WPO5 WPO6 WPO7 WPOS8 WPO9 WPO10 WPO11 WPO12

| I I I I I | I | I | I |
Pre-OP WPO1 WPO2 WPO3 WP0O4 WPO5 WPO6 WPO7 WPO8 WP0O9 WPO10 WPO11 WPO12





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

The course of mechanical
allodynia differs between
forelimb innervation territories
following median nerve injury
in the rat












OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience







OPS/images/fnins-19-1602524-g013.jpg
S0 + 120 -
100 100 T
80 80 —
[a W
60 ?-) 60 —
S
[a
40— - 2 40- e
20 g 20 *ok
9 I T 1) I I I I I I I I I I 0 | 1 1 I | | | | I | | | |
0 1 3 4 s 6 7 8 9 10 1 12 0 1 3 4 A 6 7 8 9 10 1 12

weeks postoperative weeks postoperative





OPS/images/fnins-19-1602524-g014.jpg
_ _ _ _
— Tg) S Tg)

2,5

(o} - v =

(3ySM Apoq/aySIam dpasnu S ) °°9%

« « « "«

Non-reconstructed Side

Reconstructed Side





OPS/images/fnins-19-1602524-g011.jpg
A 1754 | Stand Index reconstructed side B320" o [] Stand Index reconstructed side
T I Stand Index non-reconstructed side " o B Stand Index non-reconstructed side
280
150 ’
240-
s (a B} ~
O 125 i S 200 . - S
b > = =
Q—i p_‘ o
X - I 2 160- .
A9V _L _L ‘L
= 1204 l
75- -
80 1
I AN
JU | 1 ] 1 1 T T T T T T T T <V I I I I I | | | | | | I I
0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12

weeks postoperative weeks postoperative





OPS/images/fnins-19-1602524-g012.jpg
100

80

=N
o

% of animals
o
&

20

2

3

4 § 6 7 8
weeks postoperative

9

10 11

12

M 3/3 Finger flexion
with measurable force

[ 2/3 Finger flexion
B 1/3 No finger flexion






OPS/images/fnins-19-1602524-g010.jpg
A so-

B 150 -

| Duty Cycle reconstructed side
I Duty Cycle non-reconstructed side

125 125-
o a3
O' O' 100
o 100 O 7]
= *k —
= a®
8 X
** ** * *
754 75+

50
JU

T T T T T T T 50

[] Duty Cycle reconstructed side
B Duty Cycle non-reconstructed side

o

.

ittt i

o

|
5 6 7 8 9 10 11 12
weeks postoperative

0 1 2 3 4 5§ 6 7 8 9 10 11 12
weeks postoperative





OPS/images/cross.jpg
©

|





OPS/images/fnins-19-1602524-g015.jpg
Reconstructed

side

A
4'\\ ~ar;
b
}
A
B — v
e
A





