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Abstract 

 

Traumatic neuroma-in-continuity (NIC) injuries result in profound neurological deficits, and its 

management poses the most challenging problem to peripheral nerve surgeons. The absence of a 

clinically relevant experimental model continues to handicap our ability to investigate ways of 

better diagnosis and treatment for these disabling injuries. The aim of this project was to develop 

and refine a clinically relevant small animal NIC injury model to allow us to better understand 

this injury and the anatomical substrates for the associated poor functional recovery. An intense 

focused compression force in combination with a small traction force produced histological 

features and functional deficits consistent with NIC injuries in rat nerves. The methods were 

refined to identify a small NIC force window that is to be targeted to reproduce these injuries. 

With these methods the detrimental role of axonal attrition and misdirection on functional 

recovery was confirmed to characterize and validate this new model. 
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Chapter 1: Initial Development of the Model 

1.1 Introduction 

The spectrum of peripheral nerve injuries forms a continuum. Seddon first introduced the 

popular 3-tiered classification of neurapraxia, axonotmesis and neurotmesis (Seddon, 1943). 

Sunderland further expanded on this classification, introducing a 5-tiered system to depict 

progressive severity with anatomical and functional correlates (Sunderland, 1951). Grade 1 

(neurapraxia) and 2 (limited to axonotmesis) injuries usually recover with no or insignificant 

functional deficits within a few weeks to months, respectively. Injuries that are most difficult to 

manage clinically are the often mixed grade 3 (endoneurial disruption) and 4 (perineurial 

disruption) lesions where spontaneous functional recovery is limited or absent, giving rise to a 

Sunderland “mixed lesion” or neuroma in continuity (NIC) (Mackinnon, 1989). Grade 5 (nerve 

transection) injuries are usually associated with lacerating wounds and therefore recognized and 

repaired early. 

It remains a clinical challenge to identify the injuries early that would result in NIC. By the 

time that it is clear that functional recovery is minimal, nerve regeneration and the recovery 

potential of the denervated end-organ is significantly handicapped (Furey et al., 2007; Fu and 

Gordon 1995a,b). Delayed repair strategies (e.g. neuroma excision with graft repair and/or 

neurotization) are then employed with varied and often limited success. Experimental models 

play a central role in unraveling the intricate mechanisms of nerve regeneration that cannot be 

studied in our patients. Several animal models for the study of nerve regeneration after injuries 

have been developed, reproducing mostly grade 2 (crush) and 5 (transection) lesions, but also 

features of grade 3 and 4 injuries were demonstrated with electrothermal forces (Tos et al., 2009; 

Moradzadeh et al., 2010; Hnatuk et al., 1998). To our knowledge, no rodent or other animal 

model has yet been refined or validated to reproduce in vivo grade 3-4 injuries by employing 

physical forces akin to those responsible for the majority of injuries encountered clinically. A 

simple small-animal model for NIC would be invaluable to make these elusive and devastating 

injuries amenable to basic science research. 

Because of the resilience and very effective/efficient peripheral nerve regeneration 

observed in rodents, it is challenging to recreate the histological features seen in human NIC.   

Human traumatic NIC is characterized by aberrant intra- and extra- fascicular axonal 

regeneration and scar formation within an unsevered injured nerve, resulting in impaired and 
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erroneous end-organ reinnervation (Burger et al., 2002; Chen et al., 2008; Sunderland, 1951). 

Clinically prototypical NIC is encountered in brachial plexus injuries, the incidence of which 

approaches 5% among motorcycle and snow-mobile accident victims (Midha, 1997). Tandem 

lesions with or without nerve root avulsion are not uncommon. Traction forces applied to the 

brachial plexus, tethered at various locations, are thought to play a major role in closed plexus 

injuries (Midha, 2008). Degrees of direct compression on the nerves by the applied blunt forces 

and adjacent structures complicate this injury mechanism. 

My goal was to develop and characterize a practical and clinically relevant rodent model 

for the study of traumatic NIC injuries. I will show how we initially identified and later refined 

compression and traction forces to reproduce characteristic histological features of NIC 

formation. To further support and characterize the model, I compared the impact of NIC injuries 

on axonal attrition, misdirection and functional recovery to crush and transection injuries. With 

the use of this model, I was able to demonstrate for the fist time good correlations between 

axonal misdirection, attrition and functional recovery. This supports axonal attrition and 

misdirection as major determinants of recovery following peripheral nerve injuries. A new nerve 

injury model is established that may serve as a useful tool to help diagnose NIC injuries earlier 

and develop intervention strategies to improve patient outcomes. 

 

1.2 Background 

Song et al. (2006) proposed a neuroma in continuity model in rabbits. They excised a 

15mm segment of the lateral peroneal fascicle and observed histological features of neuroma 

formation in close relationship with the undisrupted medial peroneal fascicle. Kerns et al. (2005) 

also attempted to recreate an NIC model in rats with 8mm partial tibial neurectomy with limited 

success. These models are considered to be more closely related to side-neuroma, which occur in 

an eccentric fashion on one side of the nerve and may be relevant to partial transection injuries 

(Midha, 2008). With crush and transection of the common peroneal nerve, followed by repair 

with the interposition of muscle aponeurosis, Tomita et al. (2007) reproduced histological 

features of NIC, although they initially induced a complete transection injury. 

Moradzadeh et al. (2010) recently published an electro-thermal injury model of the rat sciatic 

nerve. With bipolar electrocautery, they reproduced functional deficits in keeping with 

Sunderland grade 3 injuries. Histologically, electro-thermal injuries were reported to be similar 



	   3	  

to crush injuries. Walking track analysis showed minimal recovery up to 6 weeks after electro-

thermal injuries. Hnatuk et al. (1998) applied similar currents to the rat tibial nerve, and observed 

disorganized intra- and extrafascicular regenerating fibers, suggesting Sunderland grade 4 

injuries. They also demonstrated partial recovery of plantaris and soleus muscle twitch and 

titanic forces up to 8 weeks post injury. The physical forces employed in their models are 

different from those responsible for the vast majority of nerve injuries encountered in clinical 

practice, which may limit its general utility as NIC models. Others have suggested that diathermy 

application limits the degree of neuroma formation (Tay et al., 2005).  

Soucacos and colleagues created an unpublished animal model of neuroma-in-continuity 

by the 10-second application of a straight hemostat in peripheral nerves of rats, with histological 

features of neuroma formation (Mavrogenis et al., 2008). I have also found that partial disruption 

of the peri- and endoneurium may be seen with injuries by similar instruments. These are often 

non-uniform and hard to consistently reproduce. I speculate that it is the result of shear forces, 

since the pressure exerted by these instruments is close to that of a jeweler’s forceps. 

The traction injury model described by Spiegel et al. (1993) with rat sciatic nerve rupture but 

preservation of gross nerve continuity in the plastic zone, also technically resulted in NIC 

formation histologically, with demonstrable deficits on walking track analysis up to 8 weeks. 

Traction forces around 600g were needed to produce these injuries and the amount of traction 

needed to rupture the nerves was unpredictable, making it difficult to standardize the injury. 

Specialized equipment was required to stretch the nerves at a constant rate. The amount of injury 

inflicted at more remote sites from the epineurial rupture zone is undetermined, making it 

difficult to isolate the injury for experimental purposes (Haftec, 1970; Zachary et al., 1989). 

 

1.3 Injury Methodology 

Ex vivo experiments suggested that intense compression with or without traction may result 

in the desired degree of injury. Four in vivo injury combinations were macroscopically and 

microscopically evaluated at 5- and 13-day time points to help select the better force 

combination. Simple 30-second jeweler’s forceps (Dumont #5, Fine Surgical Tools Inc., North 

Vancouver, BC, Canada) crush with and without 50g traction (as histological controls), and 3-

second malleus nipper (Stotz N1430, Bausch & Lomb, Rochester, NY, USA) injuries, with and 

without 50g traction were compared. Sciatic nerves were exposed from where they emerge from 
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the sciatic notch to the popliteal fossa (±20mm) through a longitudinal lateral thigh incision, 

splitting the biceps femoris muscle. A mesoneurial 6-0 prolene suture was placed proximal to the 

sciatic trifurcation, just distal to the middle of the exposed nerve segment. A small unnamed 

cutaneus branch, perforating the biceps femoris muscle together with small vessels, separates 

from the sciatic common epineurium at this site, and needs to be severed to mobilize the sciatic 

nerve circumferentially. 

We selected a simple pen style 100 x 1g traction spring scale (AMW-PEN100, American 

Weigh Sales Inc., Norcross, GA, USA) to apply the traction force, after it was decided that 50g 

traction was to be used for the experimental model. The clamp was removed from the end to 

leave a conveniently sized hook for placement around the nerve (Figure 1-1).  

 

A 50g calibration weight was used to confirm accuracy of the traction scale.  The traction 

was applied perpendicular to the native nerve course, with the hook of the scale placed at the 

midpoint of the mobilized nerve. This roughly distributes traction vectors equally between the 

proximal and distal segments without adding a significant additional focal injury by not requiring 

a firm fixation point onto the nerve. The compressing instrument was placed in position along 

with (distal to) the hook of the traction scale (when used) (Figure 1-1). It took only a few 

Figure 1-1: A small traction scale is hooked around the nerve and orthogonal traction 

applied before 3-second maximal closure of the malleus nipper (bottom left). Gross 

continuity of the nerve is preserved (top right).	  
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seconds to pull on the traction scale with one hand, up to the 50g point, and then the same 

surgeon inflicted the focal injury with the other hand. The injuries were made immediately distal 

to the mesoneurial suture, where fascicular separation was evident within the common 

epineurium of the sciatic nerve. Traction (when used) was maintained for 30 seconds in 

combination with the jeweler’s forceps crush and only for 3 seconds with the malleus nipper. We 

paid attention not to “over-compress” the jeweler’s forceps to avoid splaying of the forceps tips.  

Malleus nipper compression was applied using maximal closing force. We used the touching of 

the handle (proximal) ends as the fixed endpoint for maximal force application. This ensures a 

relatively consistent compression force that cannot be exceeded. The approximate maximal 

closing force with this method was measured using a thin load cell (Flexiforce, medium B201 

with ELF™, Tekscan Inc., South Boston, MA, USA). The sciatic nerve flattens transversely 

upon compression to contact approximately 2.22 mm of the blade of the compressive instrument. 

The surface area of 2.22 mm of the blades (centered 2 mm from the distal end), as imprinted on a 

thin plastic film with maximal instrument closure as described, was measured and used to 

calculate the approximate maximal pressure exerted by the blades (Force (N)/ surface area (m²) = 

Pressure (Pa)). For reference, this was also measured for the distal 2,22 mm of the no. 5 

jeweler’s forceps with the same technique.  Six consecutive maximal force measurements were 

used to calculate the average pressures.  

 

Methods for additional histology and Initial Behavioral studies: 

For behavioral outcomes and additional histology, eleven animals were randomized into 

experimental (n=6) and simple crush injury (n=5) groups. The refined experimental injuries were 

inflicted to right sciatic nerves, with the same malleus nipper (3-second maximal compression 

and 50g traction). Crush injuries (30-second jeweler’s forceps without traction) were inflicted 

using similar exposure, mobilization, marking techniques and wound closure.  

Injured sciatic nerves were carefully exposed and minimally manipulated for mobilization 

with the aid of a microscope at 5, 13, 21 and 65 days for in situ pictures and harvesting of the 

±20 mm marked nerve segment (10mm proximal and distal to the mesoneurial suture). 
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1.4 Assessment  

1.4.1 Macroscopic and Microscopic Evaluation 

Specimen processing and microscopy: 

The harvested nerves were post-fixed in 4% paraformaldehyde overnight, cryoprotected in 

30% sucrose-phosphate buffered saline solution and then embedded in optimal cutting 

temperature (OCT) compound (Sakura Fine Technical Co., Torrance, CA, USA). Proper 

orientation (straight and proximal-distal) of the harvested nerves was ensured. The microtome 

(Leica CM1900; Leica Microsystems Inc., Richmond Hill, ON, Canada) was set to 8µm and 

serial longitudinal sections were cut at -220C and mounted onto Superfrost Plus slides (Fisher 

Scientific, Ottawa, ON, Canada). Hematoxylin and Eosin (H&E) and Masson’s trichrome 

(Sigma-Aldrich Canada Ltd, Oakville, ON, Canada) stains in addition to neurofilament (NF200, 

1:600 dilution; Sigma-Aldrich) and laminin (α-1 E3-1, 1:50 dilution; Santa Cruz Biotechnology 

Inc., Santa Cruz, CA, USA) immuno-fluorescent stains were used according to standard supplier 

protocols. Selected sections were double stained for laminin and neurofilament. Sections were 

examined with a fluorescence microscope (Olympus BX51, Center Valley, PA, USA) using the 

appropriate filters. Pictomicrographs were taken of the injury zones at different magnifications 

for comparison before significant photo bleaching could occur. 

  

Macroscopic evaluation and histology of in vivo experiments: 

Macroscopically, the simple 30-second jeweler’s forceps crush injury sites were almost 

transparent immediately after the injury. Occasionally a small area of epineurial disruption was 

seen with the experimental NIC nerve injuries. Macroscopic evaluation of the injury zones at 5 

days did not reveal noticeable differences between the simple crush and malleus nipper 

compressions with or without 50g traction. Only minimal adhesion of the nerve to the 

surrounding tissue was noticed at all time points, similar in all injury techniques. At days 13, 21 

and 65, very subtle fusiform enlargement of the injury zones could be appreciated in the malleus 

nipper with 50g traction nerves, whereas the simple crush injured nerves appeared to be of 

normal caliber (Figure 1-2). 

H&E preparations were not helpful at 5 and 13 days to differentiate between grade 2, 3 and 

4 injuries, with non-specific Wallerian degeneration changes visible a millimeter or so proximal 

and all the way distal to all the injuries as expected. Trichrome stains were more useful, 
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especially to demonstrate 

disruption and deposition of 

connective tissue components 

(collagen stained blue).  The 

neurofilament immunostains were 

most helpful to demonstrate the 

regeneration morphology of the 

axons (Figure 1-3). 

The jeweler’s forceps crush 

injuries showed Wallerian 

degeneration distal to the 

inconspicuous injury zones. No 

disruption of the perineurium was 

seen or regeneration outside 

perineurial boundaries. Regeneration 

was organized, rapid and already 

established up to the distal specimen at 

5-days on neurofilament stains. No 

indication of neuroma formation was 

found at any time point (days 5 n=1; 13 

n=1 and 65 n=5), as expected.  

The jeweler’s forceps crush with 

50g traction specimens (days 5 n=1 

and 13 n=1) demonstrated some 

Figure 1-2: In situ photos of the experimental NIC 

injury zones at 0, 5, 13, 21 and 65 days post injury 

demonstrate subtle focal fusiform enlargement after 13 

days. Nerves are orientated proximal (top) to distal 

(bottom). Injuries were made just distal to the marking 

sutures (millimeter scale visible). 

Figure 1-3: The Neurofilament immunostain was most helpful to demonstrate the 

regeneration morphology of the axons. Here the lateral injury zone in demonstrated, 5 days 

after an experimental NIC sciatic nerve injury. At the bottom left, longitudinally sectioned 

axons are shown proximal to the injury. Chaotic extrafascicular axonal regeneration is visible 

within the epineurium, implying both endo- and perineurial disruption (Neurofilament 200 

immunostain, 50 micron scale bar). 
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additional injury, with minimal aberrant intrafascicular axonal regeneration, non-uniform 

towards the one side of the sections. There were also indications of very focal perineurial breach 

on one side with minimal extrafascicular regeneration on neurofilament stains.  

The malleus nipper alone injuries (day 5 n= 7 and 13 n=1) also occasionally showed more 

areas of chaotic intra- and extrafascicular regeneration, but this also appeared to be non-uniform. 

The majority of every injury appeared to conform to what is seen in crush injuries.  At day 5, 

neurofilament profiles distal to the injury was also more abundant than what was observed in the 

specimens where the malleus nipper was combined with traction, suggesting more efficient 

regeneration and less severe injury. 

In the malleus nipper with 

50g traction (experimental NIC) 

injuries (days 5 n=5; 13 n=1; 21 

n=2 and 65 n=6) the most extensive 

and uniform neuroma formation 

was seen, with chaotic intra-

fascicular axonal regeneration 

spanning across the fascicles at the 

injury zones and extra-fascicular 

regeneration visible on both sides 

of the nerve sections (Figure 1-4).  

Perineurial disruption was 

demonstrated most prominently at 

5 days on both laminin and 

Masson’s trichrome stains. 

Progressive intra- and extra-

fascicular collagen deposition on 

Masson’s trichrome stains was 

evident from day 13 onwards 

(Figure 1-5).  

 

Figure 1-4: At 5, 13, 21 and 65 days aberrant intra- and 

extrafascicular axonal regeneration was demonstrated at 

the experimental NIC injury zones. Extrafascicular 

regeneration is seen towards the top of these images of 

longitudinal sections as shown by the arrows 

(Neurofilament 200 immunostain, 100 micron scale 

bar). 
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Mini-fascicle formation 

within the epineurium was 

also visible at 65 days 

(Figure 1-6).	  

These features were 

evident in all 14 injured 

nerves examined from 

experimental injuries with 

refined methods as 

described above. 

 Histological observations 

at 5 days suggest a 

regeneration delay, with 

relatively few 

neurofilament axon profiles 

visible distal to the injury 

zones in the experimental 

NIC injuries, compared to abundant profiles in the simple crush injuries. 

 

 

Figure 1-5: Progressive intra- and extrafascicular scar 

formation was demonstrated using Masson’s trichrome stain 

within the experimental NIC injury zones. Collagen is stained 

blue. The arrow marks an area of perineurial disruption at the 

bottom of the 5-day image (day 5, 13, 21 and 65; 250 micron 

scale bar). 

Figure 1-6: Mini-fascicle 

formation was visible within the 

epineurium of experimental NIC 

specimens as multiple small 

bundles of axons (Neurofilament 

200, red and laminin, green 

immunostain, 20 micron scale 

bar). 
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Pressure measurements: 

The average maximal pressure exerted by this initial experimental malleus nipper was 182 

MPa (mega Pascal) (range: 170.2 – 194.5 MPa) in the SI unit, which is perhaps more tangibly 

expressed as 18.56 kg-force/mm² (range: 17.36 – 19.84 kg-force/mm²). The no.5 jeweler’s 

forceps average maximal pressure was 16.81MPa (1.714kg-force/mm²).  

 

1.4.2 Behavioral Assessment 

The tapered/ledged beam apparatus is a skilled locomotor test, which has been previously 

shown to assess behavioral recovery without masking return of functional capacity through 

learned compensatory mechanisms (Zhao et al., 2005; Kemp et al., 2010).  Animals were trained 

to cross a horizontally elevated tapered beam (100cm high; 80 x 5cm) for a period of two weeks 

prior to surgical intervention.  Ten satisfactory runs were used for each animal at each time point, 

with a satisfactory run consisting of the animal travelling across the beam uninterrupted at a 

constant velocity.  The rats’ performance was video-recorded and later analyzed in a frame-by-

frame fashion at 60Hz by a trained observer, blinded to the experimental conditions. The number 

of times that an animal slipped off the ledge with their affected right hind limb was recorded and 

the number of slips was normalized to the total number of steps taken. Slips onto the ledge were 

scored as a full slip (given a score of 1), or a half-slip (given a score of 0.5) was scored if the 

limb touched the side of the 

beam. A slip ratio (%) was 

calculated as the number of 

right hind limb slips per 

total number of right hind 

limb steps. Following 

surgery, animals were 

tested at the first week post-

surgery, and then at weeks 

3, 5 and 8.  

The horizontal ladder 

rung test has been 

previously used to assess 

Figure 1-7: With the ladder rung task the animal is trained to 

walk across variably spaced rungs and slipping errors are 

documented in slow motion video playback.	  



	   11	  

return of skilled locomotor behavior following nerve injury in rats (Kemp et al., 2010).  Animals 

were trained to cross a horizontally placed ladder for a period of two weeks prior to surgical 

intervention.  The apparatus consisted of sidewalls made of clear plexiglass (1m long, 20cm 

high) and metal rungs (3mm diameter), which were inserted 1cm from the bottom of the 

plexiglass and could be spaced 1cm apart (Figure 1-7).   

During testing, an irregular pattern of the rungs was changed from trial to trial in order to 

prevent the animals from learning the spacing pattern (distance of the rungs varied from 1 to 

3cm).  Ten satisfactory runs were used for each animal at each time point, with a satisfactory run 

consisting of the animal travelling across the beam uninterrupted at a constant velocity.  A mirror 

was placed at a 450 angle below the ladder so that the rats could be video-recorded with both a 

lateral and a ventral view.  Each rat was video-recorded and later analyzed frame-by-frame by a 

trained observer, blinded to the experimental conditions. Steps with the right hind limbs were 

scored as a correct or an incorrect step. Incorrect steps consisted of steps that involved a total 

miss of the rung or a deep slip from the rung, similar to a score of 0 or 1 in the scoring system of 

Metz and Whishaw (2002).  A slip ratio (%) was then calculated as the number of right hind limb 

slips per total number of right hind limb steps. Following surgery, animals were tested at the first 

week post-surgery, and then at weeks 3, 5 and 8. 

Ground reaction forces (GRF) are defined as the forces exerted by an animal’s limbs on the 

ground during flat surface locomotion.  GRF’s can be measured to determine the contribution of 

each limb for weight support, propulsion, braking and balance, during locomotion.  These forces 

have recently been shown to provide a direct measure, which objectively and sensitively 

measures the return of locomotor function following nerve injury in rats (Howard et al., 2000; 

Boyd et al., 2007; Kemp et al., 2010).  Animals were trained to cross a flat surface runway for 

food reward.  A force platform was placed level with the runway surface and was located in the 

middle of the runway, equidistant from each end.  The platform (HE6X6-5, AMTI; 10.5 x 11cm) 

measured force in three orthogonal directions: vertical, fore-aft (braking and propulsive force), 

and medio-lateral.  Ground reaction force data were collected at 1200Hz.  Animals were 

videotaped from four different cameras (Model LTC0510: Bosch Security Systems, Fairport, PA, 

USA) at 60Hz, placed approximately 90 degrees from each other, to permit calculation of 

velocity of movement and for optional kinematic analysis (Webb et al., 2010). All ground 

reaction force data was imported and filtered using Peak Motus software (Vicon, Denver, CO, 
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USA).  GRF data were collected and analyzed from 5 acceptable runs for each left and right limb 

pairs at each time point, and was used to provide average GRF’s from each side of the body.  

Acceptable runs collected were those that consisted of the animals trotting at a constant velocity 

of 60-90cm/s (Webb and Muir, 2004; Muir et al., 2007; Kemp et al., 2010).  Trotting is a form of 

gait employed by rats, which involves the alternating pattern of diagonal limbs being placed on 

the ground.  GRF data was exported as ASCII data and analyzed using custom written software 

(MatLab, The Mathworks, Inc., El Segundo, CA, USA).  Data for left and right limbs were kept 

separate for each rat, expressed as a proportion of body weight, and normalized to stride 

duration.  Averaged GRF data from each rat was then used to calculate group GRF data.  GRF’s 

were collected from all animals after baseline training, and then at 2, 4, 6 and 9 weeks. 

Variables of the ground reaction force data examined statistically included both mean peak 

and mean impulse (area under the curve) for: (i) vertical; (ii) fore-aft (breaking and propulsion); 

and (iii) medio-lateral forces of the left and right limb pairs. 

 

Behavioral results:  

 Skilled Locomotion Analysis: Both tapered beam and ladder rung slip ratios of animals 

with the experimental NIC injuries showed significantly less recovery compared to crush injuries 

up to 8 weeks (Figure 1-8). Skilled locomotion was first assessed through accurate placement of 

the right hind limb on the tapered beam apparatus without slipping onto the adjacent lower ledge.     

Figure 1-8: Injured limb slip ratios of the experimental NIC animals (n=6) at 5 and 8 weeks 

post injury, were significantly worse in the tapered beam and ladder rung skilled locomotion 

tasks compared to simple crush-injured (n=5) animals (* p<0.05). Note that crush injured 

animals have returned close to baseline performance whereas experimental NIC animals 

continue to exhibit slips in approximately 40% of injured hind limb steps.	  
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C     Consistent with previous research, intact rats moved across the beam quickly, easily, and 

made very few slipping errors with a mean incidence of approximately 5% (Kemp et al., 2010). 

At the 1- and 3-week time points, both groups performed poorly, but at 5 weeks, the crush injury 

group started to show improvement of slip ratios. Eight weeks post injury, animals in the 

experimental group still did not show significant recovery of slip ratios compared to week 3 (t 

(9) = 1.25, p>.05). In contrast, the crush group continued to show improvement, compared to 

week 3 (t (9) = 5.25, p<.05). Five and 8-week slip ratios showed statistically significant 

differences between the crush and experimental groups (t (9) = 7.25, p<.05). Analysis of the 

ladder rung skilled locomotion task demonstrated accurate placement of right hind limbs on the 

rungs, with few slips in both groups at baseline (approximately 6 %). Similar to the tapered beam 

results, both groups performed poorly at week 1 and 3, but the experimental group showed no 

statistically significant improvement in their injured limb slip ratios from week 3 to week 8 (t (9) 

= 1.75, p>.05). The crush group slip ratios improved with statistical significance between 3 and 8 

weeks post injury, as expected (t (9) = 5.77, p<.05). Experimental and crush group slip ratios 

also differed with statistical significance at 5 and 8 weeks (t (9) = 12.89, p<.05). 

Ground reaction forces: As expected, maximal deficits in gait were demonstrated at the 2-

week time point in both groups. At 4 weeks, the crush injured group’s vertical GRF patterns of 

their injured (right) side showed clear recovery towards baseline, and was statistically different 

from that of the NIC experimental group (t(9) = 7.50, p<.05) (Figure 1-9). These animals 

displayed a lesser degree of recovery at this time-point, with left (uninjured) side vertical forces 

increased to compensate for right-sided deficits (data not shown). This may indicate a relative 

delay in muscle reinnervation in the experimental group due to regeneration impairment at the 

injury site. Both left and right side crush and experimental NIC vertical GRF patterns recovered 

towards baseline at 9 weeks, although right (injured) hind limb forces did not fully return to 

baseline values in both groups. Interestingly, this does not reflect the persistent sensory-motor 

coordination deficits demonstrated with the skilled locomotion tasks.  

At 9 weeks, left and right fore-aft force patterns of the crush-injured group were not 

significantly different from baseline values, whereas experimental NIC group patterns had still 

not recovered. These animals used their left (unaffected) fore limbs to break to a significantly 

greater extent than their right (injured) fore limbs, when compared to baseline values (t(9) = 
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5.50, p<.05). In addition, the right (injured) hind limbs of the experimental NIC group 

contributed less to propulsion compared to baseline values (t(9) = 4.20, p<.05). 

 

 

 

 

 

 

 

 

 

 

Figure 1-9.  Right side vertical 
and fore-aft ground reaction 
forces at baseline (green), 2 
(red) and 4 (blue) weeks (in A 
to D) and baseline, 4 and 9 
(black) weeks post surgery (E to 
H) superimposed. The peak 
vertical forces exerted by fore- 
and hind limbs on the injured side 
of the experimental NIC group at 
4 weeks (blue traces) 
demonstrated a delayed recovery, 
with statistically significant 
differences compared to the	  
crush	   group	   at	   this	   time	   point	  
(A	  and	  B).	  Likewise,	  the	  fore-‐aft	  
forces	   also	   demonstrated	   a	  
subtle	   delayed	   recovery	   in	   the	  
experimental	   NIC	   group,	  which	  
reached	   statistical	   significance	  
in	   peak	   fore	   limb	   breaking	  
forces	  between	   the	  groups	  at	   4	  
weeks	  (blue	   traces	   in	  C	  and	  D).	  
Although	   crush	   and	  
experimental	  NIC	  vertical	  and	   

fore-‐aft	   forces	  at	  9	  weeks	   (black	  traces,	  E	   -‐	  H)	  was	  not	   significantly	  different	  between	  
groups, peak	   vertical	   forces	   exerted	   by	   injured	   hind	   limbs	   of	   both	   groups	   had	   not	  
completely	  returned	  to	  base	  line	  values	  (black	  and	  green	  traces,	  E	  and	  F).	  At	  4	  weeks	  the	  
crush	   group	   peak	   vertical	   forces	   already	   plateaued	   close	   to	   9-‐week	   values,	   but	   the	  
experimental	  NIC	  group	  still	  showed	  statistically	  significant	  recovery	  in	  the	  injured	  hind	  
limbs	  up	  to	  9	  weeks	  (blue	  and	  black	  traces	  in	  F).	  Forces	  are	  normalized	  to	  body	  weight.	  
The	   solid	   lines	   represent	   the	  mean	   for	   each	   group,	  while	   the	   dotted	  and	  dashed	   lines	  
represent	   the	   mean	   +	   SEM.	   Rodents	   use	   their	   fore	   limbs	   for	   braking	   (downward	  
defection)	  and	  their	  hind	  limbs	  for	  propulsion	  (upward	  deflection)	  during	  a	  trotting	  gait.	  
Double-‐ended	   arrows	   represent	   the	   differences	   between	   the	   indicated	   force	   traces	  
(*p<0.05). 
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1.5 Discussion 

Tools and forces: 

The pressure exerted by our experimental malleus nipper was approximately 10-fold that 

of the jeweler’s forceps. Because of the technical difficulties in measuring these forces, we can 

with reasonable certainty report the relative pressure difference between these instruments as 

determined by the described technique, but the precise point pressure may not be entirely 

accurate. I still include these findings to illustrate the magnitude of compression forces involved 

in these injuries. The high range pressures employed in standardized crush injury models (up to 

20.43 and 22.5MPa), to induce adequate crush injuries, compare well to our measured jeweler’s 

forceps pressure (Ronchi et al., 2010; Beer et al., 2001). Applied pressures will also vary 

depending on the animal-to-animal variation in nerve size. 

When applying the compression force with the malleus nipper, it is important to position 

the nerve at the same approximate portion of the blades every time, to ensure compression of the 

whole nerve with consistent pressure. Other instruments (e.g. diagonal cutting pliers) that can 

exert high compression forces may also recreate similar injuries. The unique feature of the 

malleus nipper used, is that there is a definite endpoint to the maximal amount of pressure that 

can be exerted onto the nerve by the particular instrument. This internal standard helps to 

simplify the reproducibility of the injury, without the need for force measurements for every 

injury. Not applying the maximal closing force with our experimental malleus nipper resulted 

mostly in histological grade 2 injuries, with variable and minimal endo- and perineurial 

disruption, even when combined with the 50g traction force (n=4; data not shown). The malleus 

nipper used in this experiment was not new, and most of the fine serrations on the blades were 

worn down and practically absent. It may be necessary to carefully file down the blade serrations 

of a new instrument to avoid non-homogenous pressure with sparing of nerve portions (Beer et 

al., 2001). No amount of visible lateral play between the blades should be present. This creates 

the potential for significant shear forces that are difficult to control and result in unpredictable 

nerve transection.  

The traction force of 50g was arbitrarily selected and could arguably have been 75g or 

100g instead. Traction of 75g elevates the hind limb and some counter-traction is needed to 

stabilize the limb and target injury site. It is plausible that even jeweler’s forceps compression 

(crush) forces combined with a much higher traction force may also lead to a similar NIC injury 
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pattern. This however makes traction injury distant to the crush zone more likely and difficult to 

determine in vivo (Haftec, 1970). Sunderland proposed that nerve traction injuries result in 

failure of the connective tissue elements in a similar sequence as his grading system (endo- then 

peri- and lastly epineurial rupture) (Sunderland, 1978). Haftec et al. (1970) and Spiegel et al. 

(1993) have alternatively presented evidence that this sequence may in fact be the reverse of that 

which Sunderland proposed. It would furthermore be logical for the large amount of thick, 

longitudinally orientated collagen fibrils in the epineurium, to fail before the nerve fibers, 

indicating that they do in fact offer meaningful shielding to the endoneurium from excessive 

traction. Longitudinally arranged peri- and endoneurial collagen and perineurial elastin fibers are 

likely responsible for the redundant nerve fiber length in the relaxed nerve, observed as the bands 

of Fontana, to provide needed slack and thus prevent failure when the nerve is exposed to 

moderate traction within the elastic zone (Sunderland, 1978). This supports the findings above 

that the peri- and endoneurium, protected by the epineurium against pure traction within its 

capacity, fail when additional compression is applied beyond a critical threshold. The tension 

makes the normally resilient endo- and perineurium more vulnerable to failure when under 

additional stress (compression). I suspect that the traction force is not essential to recreate 

adequate NIC features, but that even higher compression forces alone may result in a similar 

injury pattern. However, the small traction force is easy to add and that it likely expands the 

experimental NIC window between simple crush (grade 2) and nerve transection (grade 5), to 

accommodate some inter-animal (e.g. nerve size) and other technical variations. This will be 

discussed in more detail in the next chapters. 

 

Histological evaluation: 

The goal was to recreate as extensive an injury as possible, but still leave the majority of 

the epineurium in gross continuity. Clinically there are often mixed degrees and combinations of 

axonotmesis, perineurial and endoneurial disruption (Mackinnon, 1989). A reproducible injury 

within this spectrum should be helpful for research purposes. The degree/extent of neuroma 

formation would be hard to quantify objectively, but its presence is relatively easy to recognize, 

especially at later time points. Intra-epineurial axonal profiles originating from the severed small 

cutaneous branch close to the injury site should not be confused with extra-fascicular 

regeneration seen in grade 4 injuries. To avoid this misinterpretation, I severed this cutaneous 
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branch as far as possible from its origin at the sciatic nerve, so that its inevitable regeneration is 

removed from the experimental injury zone. I found that proper longitudinal sections through the 

neuroma are essential to accurately evaluate the histological extent of the injury. In addition, the 

5-day neurofilament immuno-fluorescent stains are most useful for early demonstration of 

extrafascicular axonal profiles, implying both endo- and perineurial disruption required for grade 

4 injuries. 

 

Behavioral data: 

GRF results showed only subtle gait pattern differences between the groups at 9 weeks and 

a relative lag in recovery of the experimental NIC group. The skilled locomotion tasks however, 

have demonstrated the relative deficits much more clearly and are less labor intensive to 

perform. Commonly used tools for behavioral analysis after peripheral nerve injuries like 

walking track analysis have its own inherent disadvantages and may not be sensitive enough to 

detect the differences demonstrated by the skilled locomotion tasks and GRF’s (Sarikcioglu and 

Utuk, 2009). Profound deficits clinically associated with NIC were not observed in these 

experiments, nor described with the electro-thermal NIC models. The relatively short 

regeneration distances to the rat end organs may largely explain this. For experimental purposes, 

it is advantageous to demonstrate some recovery within a reasonable period, in order to measure 

the functional effects of intervention strategies more clearly. 

The results are also based on the injuries induced by the same malleus nipper and limited 

comparison groups. Other malleus nippers may also prove useful for future experiments as will 

be shown in the next chapter. Two of the 14 experimental injuries were by a different surgeon, 

using the experimental instruments and methods. We found 100% histological reproducibility of 

grade 4 features with these methods. In the crush injury model, the specific instrument and even 

duration of compression does not seem to make that much difference, as long as the same 

operator uses the same instruments and methods to conduct a certain experiment, groups can 

then be compared with more confidence (Bridge et al., 1994). This injury model was developed 

with sciatic nerve injuries. In the following chapter the methods will be modified for application 

to nerves of different caliber and location.  
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1.6 Summary 

Thus far, histological features and poor functional recovery consistent with NIC formation 

in a rodent sciatic nerve injury model were demonstrated. The injury mechanism employed 

combines traction and compression forces akin to the physical forces at play in the majority of 

clinical nerve injuries. This relatively simple NIC model showed promise so far, but needed 

further refinement and characterization. 
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Chapter 2: Model Refinement 

2.1 Background 

In the previous chapter the initial histological and functional consequences of sciatic nerve 

injuries were described that indicated features of NIC following intense compression with a MN, 

especially when combined with a small traction force. The application of the somewhat 

mechanically worn MN (used for laminectomies in the lab) to adult rat sciatic nerves that 

resulted in these findings was somewhat fortuitous. This will become clear in the following 

chapter, where I will show that a high level of precision was required to refine the methods and 

define some restrictive parameters. 

 

2.2 Instrument Modification   

2.2.1 Mechanism and Contact Surface 

A variety of malleus nippers were compared to select the most appropriate instrument with 

which to proceed for refinement of the injury methodology (Figure 2-1). 

 

  

The FST (16149-11, Fine Science Tools Inc., North Vancouver, BC, Canada) MN was 

selected because it is more robust and powerful than the Stotz model used in the initial 

experiments so that a wider range of force application is available (chapter 1). 

  “Parafilm test”: Even distribution of pressure by the MN onto the nerve was found to be 

an important factor. Without this, part of the nerve may be transected while another only 

crushed, confounding the objective of the NIC model to selectively disrupt the internal nerve 

Figure 2-1: A selection of 

malleus nippers: new FST 

nipper; new Stotz nipper; 

Previous model Stotz 

nipper; old Stotz nipper 

used in chapter 1 (from 

left to right). 
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architecture without disrupting gross continuity of the epineurium. For this reason serrations on 

the MN were filed down. This model of MN has only one serrated blade (Figure 2-2).  

Measuring the true pressure 

proved difficult, as pressure is a 

function of force over surface area. 

Due to the lever arm effect, the force 

exerted by the most distal blade tips of 

the instrument, will be lower than at a 

more proximal location in the blades. 

This can be overcome by slightly 

reducing the contact surface distally, 

increasing the effective local pressure. 

Rather than measuring the precise 

pressure, the effect of the applied force 

was easier to evaluate. We found that 

simple laboratory film (Parafilm M, 

0.127mm, Alcan Packaging, Weston, 

ON) was useful for this. At any 

particular force setting, the uniformity 

of the parafilm impression made by the 

part of the blade where the nerve is to 

be positioned was assessed under an operating microscope. This is best demonstrated when the 

force is increased to where it cuts through the parafilm (Figure 2-2). The pressure required to cut 

the parafilm is close to the minimum pressure needed to inflict NIC injury in average rat sciatic 

nerves. If the instrument is not capable of cutting through parafilm (without lateral shear), it is 

unlikely that the desired injury will be inflicted, especially in larger nerves. If this is the case, the 

blade edges may be further sharpened to increase the effective local pressure. Lateral play in the 

instrument should be corrected to avoid unpredictable shear injury that may unintentionally 

transect the target nerve. 

 

 

Figure 2-2: The uneven and partially cut impression 

of an unmodified malleus nipper on parafilm (left). 

The clean parafilm cut of the modified MN (right). 
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2.2.2 Adjustable Stop and Calibration 

In order to use a single instrument for injuries to a range of nerve sizes, an adjustable stop 

was mounted to the handles of the malleus nipper (MN), to allow selection between a range of 

force settings (Figure 2-3). Forces were measured with the Tekscan load cell (Figure 2-4).  

Measurements were 

used as reference to the 

relative forces exerted at 

specific settings to 

facilitate instrument 

calibration, and may not 

reflect precise point 

pressure. A smoothed force curve was 

plotted from the actual measurements and 

used for future reference to the specific 

instrument settings (Figure 2-5). 

  

 

 

Figure 2-3: Modified malleus 

nipper (MN): An adjustable stop 

was added to the handles of the 

MN for force adjustment and tip 

serrations were filed down for 

uniform force distribution. 

Figure 2-4: 

Compression force 

was measured by a 

small load cell. 

	  

Figure 2-5: The MN 

was calibrated with the 

load cell measurements 

to estimate the force for 

each instrument setting. 
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2.3 Biomechanical Nerve Characteristics 

2.3.1 Injury Location  

Nerve sizes vary between different nerves, along the course of a particular nerve and with 

the growth of the animal. Mouse nerves are also more vulnerable compared to rat nerves of 

similar size (data not shown). Nerve collagen content and fascicular structure show similar 

variations (Sunderland, 1978). For experimental purposes we found that it is important to select a 

precise injury zone, away from branching points, to obtain reproducible results by reducing as 

many variables as possible. We found that the nerve caliber is an important factor in selecting an 

appropriate instrument setting, with direct relationship to the compression-transection force 

(Figure 2-6). The caliber of small and pliable nerves in vivo is difficult to measure objectively. 

To improve consistency in measurements, the “tight” nerve diameter was used, as measured with 

an electronic micro-caliper. Gentle traction is applied to the nerve to be measured by gently 

hooking it with an instrument. This reduces the nerve diameter slightly, but makes the nerve 

surface less pliable for easier measurement.  

 

2.3.2 Injury threshold determination and NIC window. 

Histological features of crush injury can be reproduced using a wide range of forces 

(Ronchi et al., 2010; Beer et al., 2001). To distinguish between crush and NIC using histological 

features is difficult before 5 days post injury. This short delay allows axons to regenerate across 

the injury zone to reveal aberrant regeneration patterns that support distortion of the endoneurial 

and perineurial architecture. In order to investigate the NIC threshold, we first had to define the 

nerve transection threshold for the 

modified instrument, to avoid 

inadvertent transection injury to a 

nerve designated to NIC injury group 

in an experiment. As mentioned, I 

Figure 2-6: The nerve transection 

threshold with intense 

compression was directly 

correlated to the nerve size.	  
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showed a direct relationship between the compression-transection force and the tight nerve 

diameter (Figure 2-6). I also found that the transition from crush to NIC injury occurs close to 

the transection force and the selection of the maximal sub-transection compression force appears 

to be critical since the “window” between simple crush and transection is quite small (Figure 2-

7). Because of inter-animal variation, a high force needs to be selected to reduce contamination 

of the NIC group with effective crush injuries. I have also determined that (not surprisingly) 

nerve size is not the only determinant of the injury thresholds (Figure 2-8). Specific nerves have 

unique transection thresholds, even when the injury location is predetermined and the individual 

nerve size taken in consideration. 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2-7: A small force 

window exists between the 

upper crush and lower 

transection thresholds.	  

Figure 2-8: The average transection 

threshold pressure varies significantly 

depending on the target nerve (CP- 

common peroneal; fem- femoral 

nerve). 
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2.4 Summary 

I have confirmed that individual nerve characteristics play an important role in the 

susceptibility of the nerve to injury. Besides nerve identity, location and size, there are likely 

more factors yet to be determined. Despite this, precise modification of the MN allowed us to 

estimate injury thresholds and target the “NIC window” of an experimental group of rats. We 

believe this “NIC window” may effectively be enlarged by the addition of a small traction force, 

without lowering the transection threshold much. In the next chapter this is further explored and 

the model is mechanistically validated. 
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Chapter 3: Regeneration Characteristics and Functional Consequences 

3.1 Background 

Axonal misdirection is believed to play a significant role in poor functional recovery seen 

after severe nerve injuries (Brushart et al., 1983; Madison et al., 2007; Valls-Sole et al., 2011). 

Although widely accepted, it is surprising that a good positive correlation between axonal 

misdirection and behavioral deficit has not yet been demonstrated experimentally after any 

degree of nerve injury (Brushart, 2011a). Axonal misdirection is strictly not expected to follow 

pure axonotmetic (Sunderland grade 2 or crush) injuries in which full functional recovery usually 

occurs (Seddon, 1943; Sunderland, 1951). This is thought to be because of preservation of 

endoneurial connective tissue integrity, which helps axons to regenerate accurately and 

efficiently to the original targets. In contrast, unrepaired transection injuries (Sunderland grade 5) 

are not expected to recover any significant function, although rodent nerves are known to be able 

to regenerate across transection gaps (Tada et al., 1979; Valero-Cabré and Navarro, 2002). 

Unrepaired transection injuries should represent the extreme of axonal misdirection, provided 

that the regeneration gap is bridged.  

In order to effectively investigate the relationship between axonal misdirection and 

functional deficit, the gap in experimental data between minimal and extreme nerve injuries 

needed to be bridged. These intermediate (Sunderland grade: 3 - endoneurial and 4: - endo- and 

perineurial disruption) injuries that result in neuroma-in-continuity (NIC) formation have 

previously been relatively elusive to experimental investigation because of the lack of an 

appropriate animal model. The traumatic NIC model presented in the first chapter showed some 

promise to fill this gap (Alant et al., 2012). Although sciatic nerve NIC injuries were associated 

with functional deficits discernable from crush injuries, this model was not mechanistically 

validated by the unequivocal demonstration of quantitative data to support the histological and 

functional findings. 

 Selective and variable disruption of the internal nerve architecture of a nerve would 

potentially result in proportional axonal misdirection and attrition. I first set out to investigate to 

what degree I could induce misdirection within an injured nerve without disruption of its gross 

epineurial continuity. This was done by applying the newly developed NIC injury model to the 

femoral nerve misdirection model, which is favorably suited and established to investigate 

axonal misdirection (Brushart, 1988). The rodent femoral nerve terminates in a motor (to 
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quadriceps muscles) and a cutaneous division (saphenous and thigh skin sensation) of similar 

size (Brushart, 1988). Following a more proximal injury, the motor neurons with axons that are 

misdirected into the cutaneous division can be back labeled by various techniques of tracer 

application or injection to estimate the degree of misdirection (Brushart, 2011b). Using this 

model, I will demonstrate axonal misdirection and attrition of motor neurons with motor pathway 

projections in NIC injuries, similar to transection injuries.  

Unfortunately, the femoral nerve model is still relatively unsuitable to assess functional 

recovery. In contrast, the sciatic nerve model is widely used for behavioral outcome measures, 

but not as well suited for evaluation of axonal misdirection (Tos et al., 2009). The sciatic nerve is 

the largest nerve in the body and contains a mixture of afferent and efferent axons innervating 

functionally antagonistic muscles. Normally, the motor neurons of individual muscles are very 

elegantly grouped within the ventral horn grey matter (Swett et al., 1986). Because the 

somatotopical organization of motor neurons labeled from individual distal nerve branches 

would be disturbed as a result of axonal misdirection, accurate discrimination between individual 

nerve motor neuron pools becomes very difficult, as organizational boundaries between adjacent 

and overlapping pools are lost. Previous investigators have successfully used techniques based 

on the motor neuron pool topography and the relative compound muscle action potential 

(CMAP) contributions to assess axonal misdirection after experimental sciatic nerve injuries 

(Brushart and Mesulam, 1980; Brushart et al., 1983; English, 2005; Valero-Cabré and Navarro, 

2002).  

Despite these difficulties, I elected to employ the sciatic nerve injury model in rats to 

investigate the correlation between axonal misdirection and functional recovery. Peroneal 

(fibular) and tibial motor neuron pools overlap and each span up to 2/3 of the length of the sciatic 

pool (Swett et al., 1986). In an attempt to quantify the relative degree of motor axon misdirection 

after various sciatic nerve injuries, I devised a sampling technique based on the topography of 

smaller motor neuron pools, somatotopically organized within the greater sciatic nerve pool.  

The medial gastrocnemius (MG) nerve is quite small in the rat, and contains projections of only 

approximately 145 of the ±2000 sciatic motor neurons (Swett et al., 1986; Peyronnard et al., 

1986a). Although the sural nerve is primarily a sensory nerve, in rats it contains axons from 

approximately 71±22 motor neurons, which innervate plantar muscles (Peyronnard et al., 1986b; 

Swett et al., 1986). The smaller MG and sural nerve pools are situated most caudal within the 
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greater sciatic nerve pool and span 

±50% or less of the total sciatic 

pool length (Nicolopoulos-

Stournaras and Iles, 1983). This 

allowed me to use the most caudal 

extent of the sciatic pool as a fixed 

point to which the longitudinal 

distribution of labeled motor 

neurons could be referenced. 

Lateral overlap with other pools 

was disregarded because of the 

difficulty with which objective 

distinction can be made between 

these overlapping pools. 

Quantification of the motor 

neurons labeled from these nerves 

that lie outside of their respective 

longitudinal boundaries, would 

provide a conservative but reliable 

way to compare the relative 

misdirection between groups and 

individual injuries. 

With this data I will show 

that we could for the first time demonstrate a direct correlation between the degree of motor axon 

misdirection and behavioral deficit, with inclusion of a spectrum of injury severity. Deficits also 

showed a negative correlation with the degree of attrition of motor neurons projecting into motor 

pathways. 

 

 

 

 

Figure 3-1: Femoral nerve 5 days after MN+50g injury 

(C), aberrant extrafascicular (A) and intrafascicular (B) 

axonal regeneration of regenerating axons (green) was 

seen. Neurofilament 200 in green and Rhodamine 

Phalloidin (f-actin) in red (longitudinal section, 

proximal to the left, 250µm scale bar). 
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3.2 Axonal Attrition, Misdirection and Deficits 

During pilot experiments the technique described and refined above produced clear 

histological features of uniform NIC formation in sciatic and femoral nerves at 5 days (Figure 3-

1) (Alant et al., 2012). With the available data at the time, I selected force settings on the MN 

that would most likely result in NIC injuries in the femoral and sciatic nerves, without severing 

them (Figure 3-2). Femoral and sciatic nerve measurements from the control groups were used 

to indicate the range of nerve sizes to be included for the selection of the instrument setting. 

 

 

 

 

 

 

 

Figure 3-2: The predicted 

NIC windows between the 

upper crush and lower 

transection thresholds (shaded 

green) for the femoral (A) and 

sciatic (B) nerves were 

estimated with the available 

data. A single force setting 

was selected for the MN to 

cover the size range of the 

femoral or sciatic nerves. The 

green horizontal lines 

represent the selected force 

settings and the green vertical 

lines the mean nerve sizes of 

the experimental groups. 
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General animal care: Male Lewis rats were used in these experiments (Charles River 

Laboratories International Inc., St-Constant, QC, Canada). All surgeries were carried out under 

inhalation anesthetic (Isoflurane; Halocarbon Laboratories, River Edge, NJ, USA) and animals 

were maintained in a temperature and humidity controlled environment with standard rat chow 

(Purina, Mississauga, ON, Canada), water ad libitum and a 12:12 h light: dark cycle. Surgical 

procedures were performed using standard microsurgical and aseptic technique and an operating 

microscope (Wild M651; Wild Leitz, Willowdale, ON, Canada). Buprenorphine (0.03 mg/kg) 

subcutaneous injection followed by jello with buprenorphine was used for peri- and post-

operative analgesia. Surgical procedures were well tolerated by all animals, with no 

complications observed. Animals were sacrificed at study termination, under deep inhalation 

anesthesia, with intra-peritoneal Somnitol (Bimeda-MTC, Cambridge, ON, Canada) followed by 

trans-cardiac perfusion with saline followed by 2% paraformaldehyde. The study protocol was 

approved by the University of Calgary Animal Care Committee and adhered strictly to the 

Canadian Council on Animal Care guidelines. 

 

3.2.1 Femoral Nerve Model 

To first investigate to which degree non-transection nerve injuries could be associated with 

axonal misdirection, I applied the NIC injury model to rodent femoral nerves. 42 rats, weighing 

approximately 250-300g were randomized into one of 7 groups of 6 rats each for left femoral 

nerve surgeries (Figure 3-3). At 28 days, Fast Blue (FB, Polysciences Inc., Warrington, PA, 

USA) and Di-I (Invitrogen, Molecular Probes, Eugene, OR, USA) were respectively applied 

distally, to the main motor (Fast Blue) and cutaneous (Di-I) divisions of the nerves for retrograde 

labeling of spinal cord motor neurons. Distal motor division nerve segments were also harvested 

at this time for histomorphometry. 13 days later spinal cords and femoral nerves were harvested 

for longitudinal cryostat sectioning, counting of fluorescently labeled neurons and histological 

evaluation of injury zones. For all the injury groups an approximately 2cm long incision was 

made in the left inguinal region and the femoral nerve identified below the inguinal ligament. 

The inguinal ligament was divided and the femoral nerve exposed up to the origin of the ileacus 

nerve. The target injury site was marked with a mesoneurial 9.0 nylon (Ethilon, Johnson & 

Johnson Medical, Markham, ON, Canada) suture, 7-7.5mm proximal to the femoral nerve 
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division point, and the “tight” nerve diameter measured at this site with electronic calipers as 

described in the previous chapter. 

In the Shamf (“f” denoting femoral experiment) surgery group, after the marking suture 

placement, the subcutaneous tissue and skin were closed with 4.0 silk and staples. Simple 30-

second Crushf injuries (to simulate grade 2 injury) were made just proximal to the marking 

suture with jeweler’s forceps (Dumont #5, Fine Surgical Tools Inc.). In the Transectionf group, 

marking sutures were placed at 7 and 8mm (1mm apart) proximal to the femoral division point 

and the femoral nerve 

supported with an instrument 

handle and transected with a 

sharp blade, midway between 

the sutures (Figure 3-3). The 

ends were left to retract in situ 

and the wounds closed. This 

was to simulate Sunderland 

grade 5 injuries, without repair 

(for reference).  

Femoral nerve diameters 

of these groups were used to 

select an appropriate sub-

Figure 3-3: Representative pictures of injury zones (arrows) are shown for each of the 

femoral nerve experimental groups, proximal ends to the right. 

SHAM   – nerve exposure and suture marking only;  

CRUSH  – simple 30-second jeweler’s forceps crush;  

MN         – single 3-second compression using sub-transection force; 

MN+50g  – single MN compression (same setting) combined with 50g traction force;  

(MN+50g)x2 – two MN+50g injuries made in tandem;  

TRANSECTION – sharp transection without repair; 

TRANSECTION+REPAIR – intra-tubular repair of the transected nerves.	  
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transection setting (3690g) (for this cohort of animals) on the MN using data of pilot experiments 

(Figure 3-2). For the MNf group, a single 3-second injury was made just proximal to the single 

marking suture (no traction). The spring scale was hooked around the femoral nerve to apply 50g 

of traction, when a 3 second MN injury (at the same 3690g setting) was made just proximal to 

the suture in the MN+ 50gf group. Traction was released after the 3-second injury. For the 

(MN+50g)x2f group, two marking sutures were again used (at 7 and 8mm proximal to division 

point), and the above procedure repeated, first the proximal then the distal injury, with brief 

release of the traction  between the injuries. This group was included in an attempt to maximize 

disruption of the internal nerve architecture at the selected settings. The Transection+Repairf 

group was also added to simulate immediate direct coaptation of grade 5 injuries as a “gold 

standard” therapeutic strategy for reference.  Here the nerve was transected at 7.5mm as above 

(without marking sutures) and the ends approximated within a 3mm long silicone tube with 9.0 

nylon (0.64mm internal diameter, Silastic Laboratory Tubing, Dow Corning Corporation, 

Midland, MI, USA). The mean “tight” nerve diameter of the femoral nerve at the target injury 

site as measured at the initial surgery was 0.54 mm (range 0.46 – 0.6 mm). 

 

Retrograde labeling, specimen processing and microscopy (femoral nerve experiments):  

At 28 days, femoral nerves were re-exposed distal to the inguinal ligament. Femoral nerve 

motor division nerve segments (1-2mm) were harvested just distal to the point where the nerves 

were transected for Fast Blue application. These segments were fixed in 2.5% glutaraldehyde, 

post fixed in osmium tetroxide, Epon resin-embedded, 1µm semi-thin transverse sections cut on 

a microtome (LKB 8800 Ultratome III, Bromma, Stockholm, Sweden) and stained with toludene 

blue for histomorphometrical analysis. Axon and myelin measurements were used to calculate 

G-ratios (axon diameter/fiber diameter) and percentage of neural tissue (fiber area/intrafascicular 

area).  

The distal motor and cutaneous divisions were “capped” with small silicone caps (3mm 

long, 0.64 mm internal diameter), carefully prefilled with a small amount of FB or Di-I crystals 

and secured with 9.0 nylon (Kemp et al., 2010). 

Femoral nerve injury zones (from approximately 10mm proximal to 10mm distal to the 

marking sutures) were harvested immediately prior to perfusion (28+13= 41 days post injury), 

fixed in 10% formalin, cryoprotected in 30% sucrose-phosphate buffered saline solution and then 
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embedded in optimal cutting temperature (OCT) compound. The distance between marking-

sutures in the Transectionf group were also recorded after careful exploration of the injury 

zones. Proper orientation (straight and proximal-distal) of the harvested nerves in the OCT was 

ensured. The cryotome (Leica CM1900) was set to 8µm and serial longitudinal sections were cut 

at -18°C and mounted onto Superfrost Plus slides. Selected sections were double stained for 

neurofilament (NF200, 1:600 dilution; Sigma-Aldrich) and rhodamine phalloidin (Invitrogen, 

Life Technologies Inc., Burlington, ON, Canada) (f-actin stain to highlight perineurium) 

according to standard supplier protocols. The I was blinded to the experimental group allocation 

before sections were examined with a fluorescence microscope (Olympus BX51) using the 

appropriate filters. Pictomicrographs were taken of the injury zones at different magnifications 

for histomorphological evaluation and comparison before significant photo bleaching could 

occur.  

13 days after tracer application and just after harvesting of the femoral nerve injury zones, 

the animals were perfused. Distal spinal cord segments were harvested, cryoprotected in 

paraformaldehyde and sucrose solution and embedded in OCT for longitudinal 45µm cryostat 

sectioning. All sections through the ventral grey horns were collected and mounted on glass 

slides for counting of the labeled motor neurons. With the fluorescent microscope and 

appropriate filters, pictomicrographs were taken for counting of total Fast Blue, total Di-I and 

double labeled motor neurons (visible on superimposed pictures) while blinded. Double labeled 

neurons were included in both FB and Di-I counts. No attempt was made to correct for double 

counted motor neurons. Two spinal cord specimens were damaged during cutting so that not all 

consecutive sections could be assessed and were excluded from analysis ((MN+50g)x2f; 

Transection + Repairf). 

 

3.2.2 Sciatic Nerve Model 

To assess the association between axonal misdirection and functional deficit, we turned to 

the rodent sciatic nerve injury model. 42 rats, weighing approximately 300-350g, were 

randomized into one of 7 similar groups of 6 rats each for right sciatic nerve surgeries (Figure 3-

4). 
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Skilled locomotion with 

horizontal ladder rung data was 

collected at baseline and serially up to 

12 weeks. After 12 weeks, Fast Blue 

and Di-I were respectively applied 

distally, to the medial gastrocnemius 

(MG) and sural nerves for retrograde 

labeling of spinal cord motor neurons 

to assess axonal misdirection. 13 days 

later spinal cords were harvested and 

processed for counting of fluorescently 

labeled neurons and right tibialis 

anterior muscles were harvested for 

wet muscle weight. 

For all the sciatic nerve injury groups an approximately 2cm long skin incision was made 

at mid-thigh level and the biceps femoris muscle divided along its fibers. The right sciatic nerve 

was exposed from where it emerges over the external obturator muscle from the sciatic notch, 

down to the trifurcation above the popliteal fossa. The target injury site was marked with a 

mesoneurial 9.0 nylon suture, 9.5- 10.5mm proximal to the sciatic nerve trifurcation point, and 

the “tight” nerve diameter measured at this site with electronic calipers. The small cutaneous 

Figure 3-4: Representative pictures of injury zones (arrows) are shown for each 

experimental group of the sciatic nerve experiment, proximal ends to the left. 

SHAM           – right sciatic nerve exposure and suture marking only;  

CRUSH         – simple 30-second jeweler’s forceps crush;  

MN                – single 3-second malleus nipper compression using sub-transection force; 

MN+50g        – single MN compression (same setting) combined with 50g traction force;  

(MN+50g)x2 – two MN+50g injuries made in tandem;  

TRANSECTION – sharp transection without repair; 

NEG. CONTROL– transection, capping and back-reflection of ends as negative control.	  
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branch that originates from the sciatic nerve just distal to the marking suture was divided distally 

to circumferentially mobilize the sciatic nerve.  

In the Shams (“s” denoting sciatic experiment) surgery group, after the marking suture 

placement, the muscle and skin were closed with 4.0 silk and staples. Simple 30-second Crushs 

injuries were made just proximal to the marking suture with jeweler’s forceps. In the 

Transections group, marking sutures were placed at 9.5 and 10.5mm (1mm apart) proximal to 

the sciatic trifurcation and the nerve transected with a sharp scissor midway between the sutures 

(Figure 3-4). The ends were left to retract in situ and the wounds closed. The Negative Controls 

group was added mainly for the behavioral component of the study. Here the nerve was 

transected at 10mm as above (without marking sutures) and the ends capped within 3-mm long 

silicone tubes (0.64mm internal diameter) with 6.0 nylon and the distal stump reflected to a 

subcutaneous location, to deter spontaneous regeneration into the distal stump. One end of the 

silicone “caps” we pre-sealed with silicone.  

Sciatic nerve diameters of these groups were used to select the setting of 4860g on the MN 

for the three NIC groups (Figure 3-2). In the MNs group, a single 3-second injury was made just 

proximal to a marking suture at 10mm (no traction). The spring scale was hooked around the 

sciatic nerve to apply 50g of traction, when a 3-second MN injury (at the same setting) was made 

just proximal to the marking suture in the MN+50gs group. Traction was released after the 3-

second injury. In the (MN+50g)x2s group, two marking sutures were again used (at 9 and 10mm 

proximal to the trifurcation), and the above procedure repeated, first the proximal then the distal 

injury, with brief release of the traction  between the injuries. The mean “tight” nerve diameter of 

the sciatic nerve at the target injury site as measured at the initial surgery was 0.91mm (range 

0.78 - 1.01mm).  

 

Retrograde labeling, specimen processing and microscopy (sciatic nerve experiment): 

 After the 12-week skilled locomotion assessment, MG and sural nerves were exposed via a 

new incision at the popliteal fossa. FB and Di-I was applied to the right MG and sural nerves 

respectively, by capping the severed nerves with small silicone caps (2.5 mm long, 0.51 mm 

internal diameter), prefilled with a small amount of dye crystals. Fluoro-Gold (FG, 

Fluorochrome, Denver, CO, USA) was applied to the contralateral (left side) MG nerves with the 

same technique to help with later orientation of spinal cord sections.  



	   35	  

13 days after tracer application and just after harvest of the right tibialis anterior muscles, 

the animals were perfused as above and the distal spinal cord segments harvested. The distance 

between marking-sutures in the Transections group were also recorded after careful exploration 

of the injury zones. A midline reference pin was placed at the L5/L6 dorsal rootlet junction and 

cords embedded in OCT for longitudinal 45µm cryostat sectioning. All sections through the 

ventral grey horns were collected and mounted on slides. With the fluorescent microscope, 

pictomicrographs were taken through a 2x-objective (Olympus Plan Apo N) at a standard 

exposure with appropriate filters. For each spinal cord, digital pictures of serial sections were 

positioned along the same longitudinal axis (midline of spinal cord) with the pinholes aligned on 

superimposed pictures (Adobe Photoshop Elements 8, Adobe Systems Incorporated, San Jose, 

CA, USA). For each animal, the most caudally labeled cell among all the sections was used to 

identify the caudal reference. Using the picture compilations of the 6 animals in the Shams 

group, the maximum rostro-caudal extent of the MG and sural nerve motor neuron pools were 

determined and used as reference boundaries for all other groups (Figure 3-5). While blinded, 

labeled blue (MG) and yellow (sural) motor neurons were counted on each section with an 

overlay reference grid and scored as either “in” or “out”-side the MG or sural boundaries. No 

attempt was made to correct for double counted motor neurons. The relative percentage of motor 

neurons with misdirected axonal projections was calculated for MG and sural samples 

(%misdirection MG = FB out/FB total x 100; %misdirection sural = Di-I out/Di-I total x 100). 

The average percentage misdirection for each animal and group was also calculated as the 

average between the misdirection results of the MG and sural nerve sampling techniques. 

 

Behavior (sciatic nerve experiment): 

The horizontal ladder rung task has been successfully used previously to assess return of 

skilled locomotor behavior following nerve injury in rats as discussed in chapter 1. Steps with 

the right hind limbs were here again scored as a correct or an incorrect step by a blinder 

observer. A slip ratio (%) was then calculated as the number of right hind limb slips per total 

number of right hind limb steps. Data were obtained and analyzed for baseline (before surgery) 

and weeks 2, 6, 10 and 12 following surgery. 
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Statistical analysis: 

 Data were analyzed with GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA) 

software using one-way ANOVA and post hoc Tukey’s HSD test to compare results between the 

groups. For the behavioral data, repeated measures ANOVA with post hoc Tukey’s HSD test 

was used for pairwise comparisons where appropriate. In the sciatic nerve study we determined a 

priori to apply two-tailed t-tests to compare the three experimental NIC groups to Crushs, 

because of the multitude of groups. Linear correlations (Pearson) were investigated between final 

functional outcome (12 week slip ratio) and average percentage misdirection as well as the total 

number of motor neurons projecting into the main motor (MG) branch for all individual animals 

with paired results. Statistical significance was accepted at the level of p<0.05, with results 

presented as the mean ± SEM.   

 

 

Figure 3-5: Representative 

coronal cut hemi-cord examples 

(single animal stacks) 

demonstrate the disorganization 

of labeled cells after more severe 

nerve injuries compared to Shams 

(group stack). Fast Blue (blue) or 

Di-I (yellow) labeled cells outside 

the reference bounds have axons 

misdirected respectively to the 

MG or sural nerves. Caudal 

sciatic pool boundaries were 

aligned to overlay the Shams 

group pool references for the 

determination of motor neurons 

with misdirected axons (500µm 

scale bar). 
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3.3 Results 

3.3.1 Femoral experiment 

Histology (femoral nerve experiment): 

Histology of the injury zones harvested at 41 days after injuries were assessed for signs of 

aberrant intra- and extrafascicular axonal regeneration. The rhodamine phalloidin f-actin stain 

was useful to delineate the perineurium in order to detect perineurial infiltration and 

extrafascicular regeneration of the neurofilament strained axons. Although features of NIC were 

identified in all the NIC injury groups, these were most prominent in the (MN+50g)x2f group 

(Figure 3-6).  

 

 

The mean distance between the two marking sutures (initially 1mm apart) in the 

Transectionf  group at harvest was 3.45mm (range 2.0 - 5.15mm). 

Femoral nerve motor division segments that were harvested distal to the FB application site 

at 28 days had similar G-ratios although statistically significant differences (F(6, 28) = 3.23, p 

=.015) were shown comparing Shamf with Transectionf and Transection + Repairf groups (p < 

.05) (femoral table1). Fiber diameters we significantly different between groups (F(6, 28) = 

Figure 3-6: Representative 

longitudinal femoral nerve 

sections of the experimental NIC 

groups, with magnified areas 

demonstrating extrafascicular 

regeneration on the right. MNf 

injury zones showed the least, and 

(MN+50g)x2f (proximal injury) 

the most prominent NIC features. 

Proximal to the left, 

Neurofilament 200 in green, 

Rhodamine Phalloidin (f-actin) in 

red (250µm scale bar). 
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17.19, p <.0001) with the Shamf group fibers larger than all other groups (p < .05). Crushf group 

fibers were also larger than (MN+50g)x2f, Transectionf and Transection+Repairf groups 

(Figure 3-7)(p < .05). Percentage neural tissue (F(6, 28) = 9.62, p <.0001) in the Shamf and 

Crushf groups were significantly larger than the (MN+50g)x2f, Transectionf and Transection + 

repairf groups (Figure 3-7)(p < .05).  

 
 

 

 

 

 

 

 

 

 

Figure 3-7: Representative semi-thin transverse sections of the motor division of 

each femoral nerve group stained with toluidine blue. Fiber diameters in two NIC 

groups were not significantly different from Crushf, unlike the (MN+50g)x2f, 

Transectionf and Transection+Repairf groups (*), although all were different 

from Shamf (**). Percentage neural tissue in the (MN+50g)x2f group showed 

statistically significant differences compared to the Shamf  and Crushf  groups, 

similar to the Transectionf and Transection+Repairf groups; 20µm scale bar (* 

and ** p<0.05).	  
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Table 1: Femoral nerve (motor division) histomorphometrical and retrograde labeling 

results. 
Group 

(femoral 

nerve) 

G-ratio Fiber 

diameter 

(µm) 

Neural 

tissue 

(%) 

FB 

(motor 

division) 

Di-I  

(cutaneous) 

Double 

(FB and 

Di-I) 

Total (FB + 

Di-I minus 

Double) 

 

Misdirection 

(%) 

Shamf 0.71 ± 

0.009 

6.07 ±  

0.38 

14.28 ±  

2.82 

 

392.8 ± 

24.76 

0 

 

0 

 

392.8 ± 

24.76 

0 

 

Crushf 0.68 ± 

0.008  

 

4.05 ±  

0.09 

 

12.82 ±  

0.98 

 

420 ± 

13.03 

 

0.5 ± 

0.5 

 

0 

 

420.5 ± 

12.66 

0.13 ± 

0.13 

MNf 0.66 ± 

0.012 

 

3.5 ±  

0.09 

 

7.19 ±  

2.58 

 

298.8 ± 

57.63 

12.33 ± 

5.4 

0.67 ± 

0.49 

310.5 ± 

60.55 

4.67 ± 

2.1 

MN+50gf 0.68 ± 

0.005 

 

3.41 ±  

0.2 

 

8.89 ±  

0.78 

 

298.3 ± 

41.64 

 

14.67 ± 

12.88 

1 ± 

1 

 

312 ± 

46.6 

3.73 ± 

2.84 

(MN+50g)x2f 0.69 ± 

0.014 

 

3.1 ±  

0.17 

 

4.47 ±  

0.63 

 

137.8 ± 

40.06 

 

53.25 ± 

19.83 

 

2.25 ± 

2.25 

188.8 ± 

53.5 

 26.84 ± 

7.68 

Transectionf 0.66 ± 

0.015 

 

2.58 ±  

0.04 

 

4.98 ±  

0.55 

 

162.4 ± 

47.36 

 

102.2 ± 

19.4 

9.6 ± 

4.76 

255 ± 

50.79 

45.2 ± 

8.51 

Transection

+Repairf 

0.66 ± 

0.009 

 

2.78 ±  

0.19 

 

2.24 ±  

0.43 

 

154.8 ± 

26.78 

50.8 ± 

24.36 

3.4 ± 

1.54 

202.2 ± 

48.58 

20.2 ± 

6.57 

 

Retrograde labeling (femoral nerve experiment):  

After 13 days, successful Di-I and Fast Blue (FB) motor neuron labeling occurred in all but 

3 of the 40 cords assessed (2 of 42 were damaged). One of the Shamf group demonstrated 

aberrant Di-I labeling, likely due to leakage at the application site. Di-I labeling was 

unsuccessful in another 2 animals (Transectionf; (MN+50g)x2f ) and these were excluded from 

analysis. The following group statistics were evaluated after unblinding: FB counts (motor 

neurons back-labeled via axons that regenerated down the distal motor division), Di-I counts 

(motor neurons back-labeled via axons misdirected down the distal cutaneous division), double 

label counts (motor neurons labeled by both dyes due to collateral axonal sprouting into both 

motor and cutaneous divisions), total motor neurons labeled (FB plus Di-I minus double label) 

and misdirection percentage (Di-I/Total x 100).  

Total motor neurons labeled (total FB + total Di-I - double label) differed significantly 

between groups (F(6, 31) = 3.84, p =.0056) (Table 1). As expected, practically only Fast Blue 

motor neurons were present in the Shamf and Crushf groups, with the Crushf group counts 
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dominating over (MN+50g)x2f  and Transection + Repairf  groups with statistical significance 

(p < .05) (Figure 3-8).  

 

 

 

 

 

 

 

 

 

Figure 3-8: Results of 

motor neuron labeling 

by Fast Blue (A) and 

Di-I (B) application to 

the motor and 

cutaneous divisions, 

respectively. Double-

labeled motor neurons 

(C) are illustrated by 

the arrows (merge 

A+B). The total MN 

counts (FB + Di-I 

minus double label) 

represent the overall 

degree of attrition of 

motor neurons that 

regenerated axons 

beyond the injury 

zone.	  

The total Crushf group counts dominated over (MN+50g)x2f  and Transection+Repairf  

groups with statistical significance (D). Fast Blue cell counts of the Shamf  and Crushf  

groups showed statistically significant differences compared to the (MN+50g)x2f, 

Transectionf and Transection+Repairf  groups, indicating significant motor pathway attrition 

in the latter groups (E). Percentage motor axons misdirected to the cutaneous division (= Di-I 

labeled/ Total count x100) was the highest in the Transectionf group and together with the 

(MN+50g)x2f group, had statistically significant differences from the Shamf, Crushf, MNf 

and MN+50gf groups. The Transectionf group had also significantly more misdirection 

compared to the Transection+Repairf group (F); 100µm scale bar (*p<0.05;**p<0.01).	  
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The relative attrition of motor neurons with axons in the motor division of the femoral 

nerve was also significant, as demonstrated by the FB counts (F(6, 31) = 8.71, p <.0001) (Figure 

3-8). The lowest number of FB labeled cells was also found in the (MN+50g)x2f group, similar 

to the Transectionf and Transection + Repairf groups and significantly lower than the Shamf 

and Crushf groups (p <.01). The percentage axonal misdirection (Di-I /Total x 100) of the groups 

was significantly different (F(6, 30) = 13.22, p <.0001) (Figure 3-8). Axonal misdirection was 

the highest in the Transectionf group and together with the (MN+50g)x2f group, had statistically 

significant differences from the Shamf, Crushf, MNf and MN+50gf groups (p <.05). The 

Transectionf group had also significantly more misdirection compared to the Transection 

+Repairf group (p < .05). 

Overall relatively few double-labeled cells were counted but groups also demonstrated 

some differences (F(6, 30) = 2.98, p =.02). The Transection group had the most motor neurons 

with axonal processes in both major distal femoral divisions (Table 1). This was significantly 

more than in Shamf, Crushf, MNf and MN+50gf groups (p <.05). In terms of axonal attrition in 

the motor division and major pathway (motor to sensory) misdirection the double experimental 

NIC injuries ((MN+50g)x2f) were similar to unrepaired Sunderland grade 5 injuries 

(Transectionf). 

 

3.3.2 Sciatic experiment 

Muscle weight (sciatic nerve experiment):  

As expected, the tibialis anterior wet muscle weight demonstrated statistically significant 

differences with heaviest muscles in the Shams (1.03 ± 0.1g), and lowest in the Negative 

Controls (0.2 ± 0.02g) group (F(6, 35) = 20.76, p <.0001) (Table 2). The Negative Controls 

group was different from all other groups (p <.001) and the Transections group was different 

from all but the MN group (p <.05) on the post hoc Tukey’s test (Figure 3-9). The MN, 

MN+50gs and (MN+50g)x2s muscle weights were not significantly different from Crushs (t-

tests). The mean distance between the two marking sutures (initially 1mm apart) in the 

Transections  group at the time of muscle harvest was 8.89 mm (range 6.74 – 10.56 mm).  

 



	   42	  

 

Retrograde labeling (sciatic nerve experiment):  

All spinal cord specimens were suitable for blinded evaluation of all the serial longitudinal 

sections. Very few double-labeled cells were detected. The contralateral MG nerve motor neuron 

pool labeling with Flouro-Gold was useful to orient the cord sections and to help define the 

caudal extent of the sciatic pool. In some animals the FG dye appeared to have labeled cells 

beyond the MG pool (spread to lateral gastrocnemius and soleus pools), but within the sciatic 

pool, and FG labeled neurons were therefore not quantified. One of the Transections group cords 

had no visible FB or Di-I and misdirection could not be calculated for this animal due to poor 

regeneration consistent with poor recovery in this animal (54% slip ratio at week 12; muscle 

weight 0.19g). Di-I labeling was too faint and inadequate for quantification in one animal from 

the Shams group.  

 

Figure 3-9: Tibialis anterior 

muscle weights demonstrated no 

significant differences between 

the NIC groups or from Crushs 

and Shams groups. Transections 

and Negative Controls groups 

showed statistically significant 

differences from other groups. 

(*p<0.05,**p<0.01). 

	  

Figure 3-10: Statistically significant 

attrition of motor neurons with axons that 

regenerated into the MG nerve was 

demonstrated in the Transections, MNs 

and (MN+50g)x2s groups, compared to 

Shams and Crushs groups. (*p<0.05).	  
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Both the MG and smaller sural pools were well defined in the Shams group with an 

average of 167,66 ± 6.16 (FB) and 90 ± 14.67 (Di-I) respectively (Figure 3-5). In the Crushs 

group, total counts were similar and only a few cells were located outside the MG (1.17 of 

169.83 ± 10.73) and sural (0.5 of 82.5 ± 13.96) pool boundaries (Table 2). Total FB labeled 

(MG nerve) motor neuron counts differed significantly between the groups (F(5, 30) = 5.79, 

p=.0007). The three NIC injury 

groups had variable FB counts, 

with means between that of the 

Crushs and Transections 

groups. The MNs (94.33 ± 

21.92; t(10)=3.09, p =.01) and 

(MN+50g)x2s (133 ± 12.24; 

t(10)=2.26, p =.04) group total 

FB counts were significantly 

less than that the Crushs group 

with t-tests (Figure 3-10). The 

Transections group had the 

lowest number of FB labeled 

motor neurons (69.66 ± 15.77), 

different from the Shams and 

Crushs groups (p <.01). No 

statistically significant 

differences of total motor 

neurons labeled from the sural 

nerve (Di-I) were demonstrated 

between groups (F(5, 29) = 

0.58, p =.71) (Table 2). 

 
  

Figure 3-11: Relative percentage of axonal misdirection to 

the MG and sural nerves were calculated by dividing the 

counted cells “out”-side the reference boundaries by the 

“total” counts (e.g. %misdirection to sural = Di-I-out/Di-I-

total x100). Transections injuries demonstrated the most 

misdirection and the same trend was found among the NIC 

injury groups with MG and sural nerve assessments. 

Average of MG and sural results shown. (*p<0.05).	  
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The average percentage misdirection were also significantly different between groups (F(5, 

64) = 17.48, p <.0001) (Figure 3-11). Average misdirection was higher in the MNs (7.98 ± 

2.36%; t(22)=3.07, p =.005), MN+ 50gs (18.65 ± 5.64%; t(22)=3.18, p =.004)  and (MN+50g)x2s 

(12.77 ± 3.31%; t(22)=3.64, p =.001) groups compared to Crushs. Transections group cords 

demonstrated the greatest degree of disruption of the MG and sural pool organization (Figure 3-

5). The Transections group also had the highest misdirection (30.57 ± 6.5% to MG and 54.2 ± 

7.11% to sural) with average misdirection different from all other groups (42.39 ± 6.01%; 

p<.001). As expected, no FB or Di-I was visible in any of the Negative Controls spinal cords. 

Table 2: Sciatic nerve experiment muscle weight, retrograde labeling and final functional 

results. 

Group 

(sciatic 

nerve) 

TA 

muscle 

(g) 

FB  

total 

FB  

“out” 

MG 

misdirection 

(%) 

Di-I 

total 

Di-I 

“out” 

Sural 

misdirection 

(%) 

Average 

misdirection 

(%) 

12-week 

slip ratio 

(%) 

Shams 1.03 ± 

0.1 

167.7 ± 

6.16 

0 0 90 ± 

14.67 

0 0 0 1.04 ± 

1.04 

Crushs 0.93 ±  

0.02 

169.83 ± 

10.73 

1.17 ± 

0.54 

0.73 ± 

0.33 

82.5 ± 

13.96 

0.5 ± 

0.34 

0.6 ± 

0.48 

0.66 ± 

0.28 

3.89 ± 

1.14 

MNs 0.83 ± 

0.04 

94.33 ± 

21.92 

4.17 ± 

1.22 

6.26 ± 

2.03 

84.5 ± 

14.69 

8.17 ± 

4.45 

9.7 ± 

4.39 

7.98 ± 

2.36 

27.8 ± 

7.03 

MN+50gs 0.87 ± 

0.05 

100.7 ± 

30.88 

9.5 ± 

5.03 

18.1 ± 

8.48 

124.8 ± 

18.24 

23.67 ± 

11.68 

19.21 ± 

8.26 

18.65 ± 

5.64 

29.61 ± 

13.13 

(MN+50g)x2s 0.86 ± 

0.06 

133 ± 

12.24 

11.33 ± 

4.86 

9.98  ± 

4.33 

104.8 ± 

18.04 

19.33 ± 

9.75 

15.55 ± 

5.13 

12.77 ± 

3.31 

14.17 ± 

4 

Transections 0.58 ± 

0.09 

59.67 ± 

15.77 

19.6 ± 

3.75 

30.57 ± 

6.5 

100.2 ± 

35.24 

65.8 ± 

21.71 

54.2 ± 

7.11 

42.39 ± 

6.01 

61.07 ± 

4.79 

Negative 

Controls 

0.2 ± 

0.02 

0 N/A N/A 0 N/A N/A N/A 56.9 ± 

8.06 
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Behavioral results (sciatic nerve experiment): 

Baseline, weeks 2, 6, 10 and 12 right hind limb slip ratios were calculated with the 

collected horizontal ladder rung data (Figure 3-12). The mean baseline slip ratio was 4.43% with 

no significant differences between the groups (F(6, 35) = 1.87, p =.50). At week 2, group means 

were significantly different (F(6, 35) = 25.43, p <.0001), as all six groups with nerve injuries 

made more errors than the Shams group. By week 6, the Crushs group mean slip ratios had 

returned to baseline and Shams group performance. The Negative Controls and Transections 

groups showed no significant recovery after week 2 (F(3, 5) = 0.62, p =.61 and F(3, 5) = 1.07, p 

=.39) and at 12 weeks after surgery, there was still no significant difference between the 

Negative Controls and Transections groups. There remained significant differences between 

groups at weeks 6 (F(6, 35) = 9.82, p <.0001), 10 (F(6, 35) = 9.19, p <.0001) and 12 (F(6, 35) = 

12.18, p <.0001). The individual animal deficits in all three NIC injury groups were highly 

variable but mean group performance recovered to slip ratios intermediate between that of 

Crushs and Transections groups. The MN group mean differed significantly from Transections 

and Negative 

Controls groups at 

week 6 and from 

Transections at 

week 12 (p <.05). 

Mean slip ratios of 

the MN+50gs group 

was significantly 

different from 

Transections at 

week12 (p <.05). 

(MN+50g)x2s group 

mean differed from 

Negative Controls 

at weeks 10 and 12 

(p <.05; p<.01), and 

from Transections at week 12 (p <.001). At week 6 the Crushs group differed significantly from 

Figure 3-12: Skilled locomotion was assessed with the ladder-rung 

task by determining injured limb slip ratios up to 12 weeks. The Crushs 

group recovered to baseline, but the Transections and Negative 

Controls groups showed no significant recovery. Despite variable 

deficits ranging from minimal to extreme in the NIC injury groups, the 

MNs and (MN+50g)x2s groups still demonstrated statistically 

significant differences from Crushs at  12 weeks. 
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the MN+50gs (t(10)=2.93; p =.015) and (MN+50g)x2s (t(10)=3; p=.013) groups and at week 10 

from MNs (t(10)=2.42; p =.036), MN+50gs (t(10)=2.56; p=.029) and (MN+50g)x2s (t(10)=2.85; 

p =.017) groups. At 12 weeks, t-tests still showed statistically significant differences when the 

Crushs group was compared to MNs (t(10)=3.34; p =.008) and (MN+50g)x2s (t(10)=2.44; p 

=.035) groups. 

 

3.3.3 Correlations 

We were able to bridge 

the gap between minimal 

(crush) and extreme 

(transection) injuries with 

intermediate and variable NIC 

injuries. This made us more 

confident to assess the linear 

correlations between final 

functional outcome and 

retrograde labeling. There was 

a clear linear correlation 

between the individual animal 

paired 12-week slip ratios and 

average misdirection data 

(r(33)=.82, p <.0001) with r2=.67 (Figure 3-13). Individual animal 12-week slip ratios also 

showed a strong negative correlation with the total number of motor neurons projecting into the 

major motor nerve (MG) sampled (r(39)=-0.83, p<.0001) with r2=.69. The combined effect of 

these two factors (both dependent on injury severity) should yield a better correlation with 

functional outcome. Indeed, the final functional deficit correlates better with the 

misdirection/regeneration quotient (MRQ = Average misdirection (%)/ MG motor neurons (n); 

r2=.76), which combines the relative contribution of both these factors (Figure 3-14). 

Figure 3-13: Good correlations between individual animal 

final functional outcomes and the average percentage of 

misdirection (r²= 0.669) and Fast Blue labeled motor neuron 

count (attrition of motor neurons with axons to MG nerve) 

(r²= 0.691) respectively, were found.	  
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3.4 Discussion 

Methods: 

 The crush injury group was included as an established axonotmetic model for comparison. 

Ideally no misdirection or long-term functional deficit should result from these injuries, although 

misdirection and extrafascicular regeneration has been described in “crush” injuries before 

(Spencer, 1974; de Ruiter et al., 2008). From my observations in chapter 1, the addition of 

traction to MN injury, appeared to be necessary to amplify the injury and consistently recreate 

clear histological features of NIC (Alant et al., 2012). We added the MN group to investigate the 

role of traction again. The absence of traction did not appear to make a difference in the femoral 

nerve experiment, although there was no functional outcome to confirm this. The femoral nerve 

model as applied here may also be insensitive to detect “minor” pathway misdirection. Motor-to-

sensory and motor-to-motor misdirection within the muscle branch cannot be determined with 

the technique used here. In the sciatic nerve experiments the addition of traction may have made 

a minor deference, although the results were more variable within the NIC groups. The 

(MN+50g)x2 groups were added in an attempt to maximize internal architectural disruption. In 

the femoral nerve experiments this was very effective and resulted in misdirection and attrition 

similar to the transection injuries that would have been missed otherwise. This effect was not 

reproduced in the sciatic nerve experiments. The single force setting used in all animals of each 

experiment may have contributed to this, as the sciatic nerve caliber was larger and more 

variable. The force settings were selected based on the limited data available at the time to 

estimate the “NIC window” between crush and transection with compression force application. 

Figure 3-14: A better correlation 

was found between the final 

functional deficit and the 

misdirection/regeneration 

quotient (MRQ = Average 

misdirection (%)/ MG motor 

neurons (n); r2=.76), which 

combines the relative contribution 

of both these factors.	  
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More data points were available at the time of the sciatic nerve experiments (Figure 3-2). This 

“NIC window” was estimated based only on the influence of nerve size on injury thresholds. We 

have since determined that nerve size is not the only determinant of the injury thresholds as 

discussed in chapter 2. Different nerves display unique connective tissue properties with 

additional variations in collagen content along the course of the nerve that likely contribute to 

their susceptibility to NIC injury (Sunderland, 1978).  

  The femoral nerve injury location selected was distal to the iliacus branch. This made it 

easier to expose and introduce the instruments. Some femoral nerve fascicular formation is 

already present at this level, which may decrease the misdirection effect of injuries at this 

location (Madison et al., 1996). An undetermined number of axons may be “lost” (up to ¼) to 

evaluation in the iliacus branch if the injury is made proximal to this branch (Madison et al., 

1996; Nicolopoulos-Stournaras and Iles, 1983).  

The simultaneous retrograde labeling technique was used for the following reasons: Di-I 

and Fast Blue are reliable dyes that yield consistent results and emit distinct and easily 

distinguishable signals (yellow and blue respectively) (Kobbert et al., 2000). Di-I takes longer 

than Fast Blue to be retrogradely transported (Choi et al., 2002). In pilot experiments we found 

brighter Di-I labeling with more time (13 days) allowed after application, making objective 

quantification more straightforward in the quantification of only brightly labeled cells. The 

crystal-in-cap method logistically simplifies dye application. Caps are prefilled with dye crystals 

so that nerves can be transected, capped and wounds closed much quicker compared to “well” 

application where nerve endings are typically exposed for as long as an hour (Al-Majed et al., 

2000). This reduces surgical time and anesthetic exposure to the animals significantly. We found 

the well and injection techniques also technically difficult to use on small (and short) caliber 

nerves in confined surgical exposures without risking dye contamination to the field. The crystal-

in-cap method risks dye leakage (leading to the exclusion of one animal from analysis in this 

study), especially if the silicone caps are too big (internal diameter). Alternative sequential 

labeling techniques introduce additional injury and dye spread after injection may be variable. 

For sequential labeling, dye toxicity, fading and persistence also need to be considered for a 12-

week study (Novikova et al., 1997; Puigdellivol-Sanchez et al., 2003) We made no effort to 

correct for cells possibly counted more than once in consecutive sections. Our neuron counts 

compare well to other published reports, (Madison et al., 1996; Swett et al., 1986) although they 



	   49	  

are mainly intended for inter-group comparison, not to reflect the absolute numbers. For both 

femoral and sciatic experiments, the labeling results are presented as the relative proportions of 

motor neurons with incorrectly directed axons. Some motor division projections may still be 

along sensory (e.g. proprioceptive) pathways and technically also incorrect. Therefore, in the 

femoral nerve experiments, all the FB-labeled motor neurons cannot be assumed to have 

correctly directed axons, but the Di-I labeled neurons certainly have misdirected projections. 

Similarly, many of the “in” counts of the sciatic experiments may represent motor neurons of 

overlapping (foreign) pools. A recovery period of 4 weeks has been shown to be sufficient to 

assess misdirection in the femoral nerve model (Madison et al., 1996). A period of 12 weeks was 

allowed in the sciatic nerve experiment to ensure that the functional recovery has plateaued. 

(Wikholm et al., 1988; de Ruiter et al., 2008). 

 

Results:  

With the double injuries ((MN+50g)x2)f), we have shown that this NIC model is capable 

of exerting a potential range of injury severity, with attrition and misdirection similar to that of  

Sunderland grade 5 injuries in the femoral nerve experiments. The Transection + Repairf group 

performed similar to the untreated grade 5 injuries (Transectionf), indicating the resilience of 

these animals, compared to humans, in which little if any spontaneous distal reinnervation is 

expected without some form of repair (Tada et al., 1979; Sunderland, 1951). Interestingly, the 

only advantage that the Transection + Repairf group showed above Transectionf in this study 

was a significant decrease in axonal misdirection.  

Misdirection onto the sural nerve was more apparent than in the MG sample. This may be 

because the sural nerve motor neuron pool rostral boundary is more caudal in the sciatic pool, 

which would makes it more likely to detect motor neurons with axons misdirected into this nerve 

with the methods used. The sural nerve is also primarily a sensory nerve with smaller proportion 

of motor axons compared to the MG nerve (Schmalbruch, 1986). If initial regeneration is 

random, a comparatively greater proportion of motor axons may be directed into this nerve, with 

less apparent attrition (Brushart, 2011c). As we used the sural and MG nerves as convenient 

samples to assess relative misdirection, and because the results of the two showed the same 

trend, we used the average results of the two samples for further correlations. Similar to the 

femoral nerve experiments, we regarded the attrition of motor neurons with projections into the 
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major motor (MG) nerve assessed, to give the best representation of the fate of efferent axons in 

the sciatic experiments.   

Interestingly, the Transections group showed no functional recovery with the measure we 

used, concordant with the Sunderland classification, despite significant recovery of muscle mass 

after spontaneous bridging of a 7mm gap in 5 of 6 animals. This emphasizes the detrimental 

effect of axonal misdirection on functional recovery in mixed motor nerve injuries, despite 

successful muscle reinnervation. 

Brushart comprehensively reviewed the literature for experimental outcome measures that 

correlate with measures of functional recovery and found the evidence for direct correlation 

lacking (Brushart, 2011a). Wikholm and coworkers provided data to suggest a good correlation 

between the degree of axonal misdirection and functional recovery (SFI) following repair of 

experimental sciatic nerve injuries, although such a correlation was not presented in their paper 

(Wikholm et al., 1988). After common peroneal nerve transection and repair, Wasserschaff 

demonstrated good correlation between disturbance of the tibialis anterior pool topography, cell 

count and incoordination between tibialis anterior and MG EMG activity in walking mice. Direct 

functional analysis was not performed in that study (Wasserschaff, 1990). Valero-Cabré and 

Navarro have demonstrated similar correlations between surrogate misdirection estimations (by 

CMAP amplitude) with walking track outcomes by using sciatic nerve transection injuries with 

different repair strategies (Valero-Cabré and Navarro, 2002). The results used in these 

correlations for the most part, does not bridge the gap between minimal and maximal deficits, 

making these correlations less reliable (Brushart, 2011a). 

 

Revisiting nerve injury classification:  

Based on our findings, we propose that the spectrum of chronic functional deficit between 

axonotmetic and neurotmetic injuries is strongly related to the degree of disruption of the 

endoneurial architecture (Figure 3-15). This may be focal or cumulate over a distance, 

depending on the injury mechanism, and lead to proportional axonal attrition and misdirection as 

major determinants of functional recovery. The original composition of the nerve and associated 

axotomy and denervation effects related to the location of the injury (among others) further 

compounds to limit functional recovery (Fu and Gordon 1995a,b; Furey et al., 2007). Although 

loss of perineurial integrity (according to the Sunderland classification) may be associated with 
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more severe injuries, 

disruption of this layer per 

se has not been confirmed 

to be a strong independent 

determinant of functional 

recovery following 

peripheral nerve injuries. 

For this reason we prefer to 

group Sunderland grade 3 

and 4 injuries together in 

the spectrum of NIC 

injuries. This spectrum will 

also accommodate the 

Sunderland mixed and 

Mackinnon grade 6 injuries 

in continuity (Sunderland, 

1951; Mackinnon, 1989). 

 

 

 

Shortcomings:  

Only one functional outcome measure was used. The ladder rung task is a sensitive test 

that provides reliable results in our hands but confirmation of our results with additional outcome 

measures is needed to support these results. In the femoral nerve experiments quadriceps muscles 

were not weighed because these muscles were denervated by the retrograde labeling technique. 

In the sciatic nerve experiments only selected muscles (plantar and MG) were denervated, which 

left the tibialis anterior muscle available for assessment. Normalization of the muscle data to the 

contralateral side would have strengthened the data. In the sciatic nerve experiments we could 

have used the more expensive FB on the contralateral side as well (in stead of FG). This would 

have provided contralateral MG counts as an additional reference, although counts are known to 

vary up to 10% from side to side (Peyronnard et al., 1986b). The different tracer made it easier to 

Figure 3-15: Based on the data presented, we propose that the 

degree of functional deficit that follows traumatic peripheral 

nerve injuries is dependent on the disruption of the internal 

nerve architecture of a particular nerve. Sunderland grade 3 and 

4 injuries are replaced by the NIC spectrum. Minor variations 

of force on the hypothetical steep slope within the NIC window 

may have a dramatic effect on the injury severity and resultant 

functional recovery. 
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confirm proper orientation of the cord sections and still provided an additional reference to the 

caudal sciatic pool boundary. Despite the employment of three injury paradigms, the recreation 

of NIC injuries with uniform functional deficits remains challenging. There are apparently 

additional uncontrolled factors that affect the injury severity, as minor influences may have a 

dramatic effect at the steep part of the curve (Figure 3-15). The addition of traction to the 

compression force is not essential to recreate experimental NIC injuries.  

 

3.5 Conclusion 

A new clinically relevant nerve injury model was introduced and refined as shown in the 

previous chapters. This model was then mechanistically validated in this final chapter by 

quantitative misdirection and attrition data to support the histological and functional findings. To 

my knowledge, this is the first time more direct motor axon misdirection and attrition estimations 

were correlated to functional outcome after experimental peripheral nerve injuries. I have 

presented data to show that the functional deficit is proportional to motor axon misdirection and 

inversely proportional to motor axon regeneration over a spectrum of injury severity. Together 

with the threshold data this also allowed a reevaluation of nerve injury classification to better 

explain what is observed clinically. I anticipate that the model described herein will prove to be 

of value to investigators as they seek to assess therapeutics for nerve injury repair and recovery.  
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