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Abstract 

PERIPHERAL NERVE INJURIES: PLEIOTROPHIN-MEDIATED 

REGENERATION ACROSS LONG-GAP INJURIES AND 

INVESTIGATIONS INTO AMPUTATION NEUROMA PAIN 

 

Benjamin Johnston 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Mario I. Romero-Ortega 

Peripheral nerve injuries can be a chronic clinical challenge for 

patients.  Long recovery periods, functional deficits, and neuropathic pain 

all complicate healing.  Although peripheral nerves are able to regenerate, 

most gap nerve injuries are repaired by autograft, which induces a 

secondary injury and provides suboptimal recovery of function.  This work 

provides insights into the use of Pleiotrophin (PTN) to bridge long-gap 

injures and assess the functional recovery of the common peroneal nerve 

(CPN) injury model.  In addition to regeneration strategies, a painful 

neuroma-blocking conduit was developed to help patients with amputation 

neuromas.  Lastly, this work addresses the unusual phenomenon of radio 

frequency (RF) wave elicited neuroma pain.  In vivo and in vitro testing 

indicates a mechanism by which RF-stimulus elicits pain.
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Chapter 1  

Pleiotrophin Mediated Regeneration Across Long-Gap Injuries 

Introduction 

In an effort to provide patients an off-the-shelf surgical repair 

product for peripheral nerve injury, scientists and clinicians have been 

encouraged by the inherent regenerative capability of peripheral nerves 

and the many factors that enhance neurite outgrowth.  The challenge 

remains to execute on a strategy that addresses the various injury 

presentations and is a convincing alternative to the autograft procedure.   

Peripheral Nerve Regeneration 

Peripheral nerves are the nerves that emanate out from the central 

nervous system and either elicit an action (efferent), or respond to a 

stimulus (afferent) 1.  The main cell body (soma) is located closer to the 

central nervous system and long extensions (axons) connect to muscles, 

organs, or skin1.  The axon may be myelinated or unmyelinated – referring 

to the lipid-based insulating material around an axon that is produced and 

maintained by peripheral glia (Schwann cells) 1.  To clean up the myelin 

debris or other molecules that interrupt axon function, macrophages are 

recruited after an injury2, 3.  To create and maintain the structure of the 

nerve, fibroblasts produce both extra-cellular matrix (ECM) components 

that sheath the axons2, 3.  The complex interaction between these main 
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cell types largely determines the extent of peripheral nervous system 

repair and regeneration2-4. 

The nerve has a complex substructure that insulates the axons 

from the environment1-3.  This barrier is made up of an outer layer of 

connective tissue – the epineurium2, 3.  Within the epineurium, the 

perineurium divides axons into large parallel tracts2, 3.  Within the 

perineurium is the endoneurium that provides a final layer of connective 

and supportive tissue to maintain the “blood-nerve barrier” analogous to 

the “blood-brain barrier” 3, 5.  Within the endoneurial tubes are the axons 

that require sustained electrolyte regulation to function properly1.  Neurons 

are poised at a sub-equilibrium potential by active transport of key ions 

(potassium, sodium, calcium, and others to lower degrees) 1.  The 

communication of the nervous system occurs in pulses of potential 

changes1.  The regeneration process ideally restores the fidelity of these 

pulses in both the retrograde and anterograde directions2, 3. 

Clinicians in two different scales have classified the degree of nerve 

injury: the Seddon and Sunderland scales6-8.  The Sunderland scale is as 

follows: 1st degree – the myelin sheath is damaged; 2nd degree – the axon 

is severed; 3rd degree – the endoneurium is disrupted; 4th degree the 

perineurium is disrupted; 5th degree – the epineurium is disrupted2, 3, 7.  

For every injury described in this work the extent of damage is 5th degree.  
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Further, the distance between the severed ends of the nerve greatly 

determines the chances function is restored2, 3.   

Surgeons must accurately assess the chances of recovery based 

on the injury presented.  Nerves transected with little damage to the 

surrounding tissue can be connected by sealing the epineurium of the two 

stumps together2, 3.  Nerves that are more severely damaged and have 

gaps between the two nerve stumps are repaired with either tissue or 

synthetic bridges2, 3.  The synthetic bridges are made of common 

polymers or biopolymers2, 3, 9-12.  The harvested bridges are collected from 

mammalian sources: pigs (xenograft), cadaver (allograft), or the patient 

(autograft) 13, 14.  The autograft is the preferred surgical repair option when 

the nerve ends cannot be connected easily3.  This preference is largely 

justified by superior repair of damaged nerves, but is in spite of significant 

negative effects of the procedure3.  Patients are forced to sacrifice the 

function of the appendage from which the donor nerve is harvested3.  In 

addition, the donor nerve may become a painful neuroma3.  Lastly, the 

donor nerve may be mismatched for the repair section in either fiber type 

(sensory or motor) or diameter3.   

No matter the repair strategy, the nerve must essentially repair 

itself by regenerating from the point of injury to its original distal target2, 3.  

Once the nerve is damaged, cytokines released by damaged Schwann 
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cells attract macrophages that further release inflammatory compounds2, 3, 

15.  This reactive environment promotes the phagocytosis of cellular waste 

and the over-proliferation of Schwann cells15.  Even if large sections of 

distal nerve, connective tissue, and muscle remain intact, this does not 

prevent Wallerian degeneration from occurring in distal nerve sections and 

atrophy of deinnervated muscles16, 17.  Wallerian degeneration is 

characterized by myelin and axon degradation and then overproduction of 

collagen by fibroblasts16, 17.  This establishes a haptotactic gradient of 

ECM that allows for enhanced growth cone motility18.  Growth cones are 

the axon structures that form at the end of each neuron during 

regeneration19.  They are among the most functionally ornate structures in 

biology possessing a fan-like lamellipodia and many finger-like filopodia 

that respectively pull the axon forward and sense the environment to guide 

growth19.  The regeneration rate of the growth cone varies between 

mammalian species, but is generally thought to be a 1-2 mm per day 

progression2, 3.  Therefore, even with optimal regeneration conditions, if a 

nerve is injured 10 cm from the distal innervation site, it may take 100 

days for a growth cone to reestablish a connection.  Fibrin cables that 

emanate from the proximal nerve guide the growth cone to the distal nerve 

stump2. These cables also facilitate Schwann cell migration and form a 

structure known as the “bands of Bungner” 2.  In summary, within a few 
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days after injury, the neurons have sealed themselves and prepare to 

regenerate to their original distal target while Schwann cells provide 

trophic cues, fibroblasts provide support structures and ECM, and 

macrophages clear the route for regeneration.   

Growth Factors 

In addition to the haptotactic cues provided by fibroblasts in the 

regenerating nerve segment, there are also many chemotactic cues.  For 

many generations of scientists, the most important class of chemotactic 

cues has been growth factors (GF) 20, 21.  Growth factors are proteins 

secreted by support cells that have trophic effects on cells21.  These are 

often called neurotrophins when their effect has been studied with 

neurons, but often there is a broad range of cells affected20.  

Neurotrophins 

The quintessential neurotrophin is Nerve Growth Factor (NGF).  

NGF has been shown to attract neurons, and remains one of the most 

studied proteins in neuroscience20.  In addition to NGF, the following 

neurotrophins are highly tested: glial cell line-derived neurotrophic factor 

(GDNF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) 

20.   
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Pleiotrophins 

Pleiotrophins are growth factors that affect a wide range of cell 

types4, 22-24.  They are of particular interest for peripheral nerve repair 

because scientists have realized that a broad range of cells are essential 

for proper nerve function – not just neurons4, 22-24.  Pleiotrophin (PTN) is a 

less studied growth factor.  A recent study looked at PTN mRNA 

expression levels in nerve segments following injury, and found that PTN 

was the most highly up-regulated growth factor4.  This suggests that PTN 

is an important protein when peripheral nerves are regenerating to a distal 

target.   

Conduits 

Conduits are fabricated support structures that aid peripheral nerve 

repair10.  They were adapted from synthetic vascular grafts10.  Because of 

the inherent regenerative capabilities of peripheral nerves many conduit 

designs have been shown to work10.  Initially, conduits were hollow and all 

FDA-approved conduits are hollow10, 25.  The materials used in FDA-

approved conduits are: collagen, poly lactic co-glycolic acid (PLGA), poly 

DL-lactic-co-1-caprolactone (PCLC), polyvinyl alcohol (PVA), and 

harvested pig intestine10, 25.  None of the hollow conduits augment their 

effectiveness with growth factors or other soluble agents10, 25.  In addition 
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to these conduits, there is a recently approved FDA allograft from human 

cadaver tissue that has shown promising results14, 26, 27.   

In the laboratory setting, many more approaches have been tried to 

move away from hollow tube geometry: guidance fibers, grooves, extra-

porous walls, multi-luminal channels, and combination approaches10, 28.  

To augment these fabrication changes, researchers have used biological 

cues to promote regeneration – most commonly: growth factors, Schwann 

cells, or stem cells10, 28.  The critical conclusion to reach from this 

discussion on laboratory-grade nerve conduits is that the ability to vary 

designs is nearly endless, and success is highly-likely across short-gap 

injuries3, 29.  Attempts at long-gap injuries are the bar that must be cleared 

by conduits to gain clinical relevance28. The size of the animal model 

influences what is considered a long-gap, but for humans it is generally a 

gap of longer than 3 cm28, 29.  All the conduits presented in this work are 

longer than 3 cm. 

Preliminary Work (3-cm Gap Injury) 

In 2009, an experiment in New Zealand White Rabbits (NZWR) laid 

out the framework for future nerve conduit work.  The common peroneal 

nerve (CPN) was transected and a 3 cm gap was made between the two 

transected ends.  To repair this gap, a biosynthetic nerve implant (BNI) 

was used30.  The BNI is a multi-channeled agarose filled tube.  The outer 
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tube is 1.7 mm diameter polyurethane tubing that is cut to length and 

porated.  This outer tube is positioned on a casting device that allows 

narrow (250-350 micrometer) needles to be arranged and cast a negative 

in gelled agarose.  In the negative void of the needles, gel collagen is 

used.  This laboratory grade platform was validated in multiple animal 

trials before using in NZWR30.  The number of channels, the size of each 

channel, and a number of other design parameters were optimized at 

shorter repair lengths30. 

With the BNI design optimized for the CPN, work was undertaken 

to test the effectiveness of non-neurotrophic growth factors. In vitro work 

had shown the promise of PTN to entice neurite outgrowth, and another 

pleiotrophic growth factor vascular endothelial growth factor (VEGF) was 

used for comparison (Dash, S., 2013 UT Arlington & UTSW Dissertation).  

The following experimental groups were used to test the effectiveness of 

the BNI and the BNI with embedded growth factors: 

1. Hollow Tube (Polyurethane) (3.2 cm long) 

2. BNI (3.2 cm long / 3.0 cm of internal agarose) 

3. BNI with VEGF micro-particles (3.2 cm long / 3.0 cm of internal 

agarose) 

4. BNI with PTN micro-particles (3.2 cm long / 3.0 cm of internal 

agarose) 
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5. BNI with both PTN and VEGF micro-particles (1:1 PTN:VEGF 

and the same total micro-particle weight added of other 

experimental groups) (3.2 cm long / 3.0 cm of internal agarose) 

 

The animals were all tested with the following functional assays:  

1. Toe-Spread Index (TSI): a ratio of the dorsiflexion 

response between the injured and uninjured foot 

2. Formalin Test: a formalin solution is injected into the 

dermatome of the CPN in the injured and uninjured foot 

After weeks of evaluating the functional recovery of the CPN, gross 

morphology, and later axon counts the following could be concluded: 

1. BNI-treated animals all showed nerve regeneration 

2. No hollow tube-treated animals showed regeneration 

3. PTN and VEGF increased axon counts (statistically significant) 

4. PTN showed the highest motor recovery (statistically significant) 

This work was awarded an R-21 from the National Institutes of 

Health (NIH) to continue evaluation of synergistic effects of Pleiotrophins 

and neurotrophins.  The subsequent two studies in NZWR were to 

respectively test experimental growth factor delivery strategies of PTN and 

then the effect of PTN with GNDF. 
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5-Cm Gap Injury Experiment 

Growth factors are susceptible to degradation in normal 

physiological environments31.  During even the most mild fabrication 

processes, temperature and pH changes can compromise growth factor 

integrity31.  A number of strategies have been employed to protect proteins 

to preserve to amount of growth factors that remain bioactive31.  The 

secondary beneficial effect of these strategies is that they typically extend 

the residence time of the active compound31.  A longer residence time 

means that sustained drug-delivery is achievable.  Our team set out to 

bridge a 5 cm CPN gap with a BNI augmented with various PTN delivery 

strategies. 

Experimental Design 

NZWR were selected because of their long peripheral nerve tracts.  

The CPN was selected due to previous experiments with this nerve-injury 

model.  Two methods of PTN delivery were employed.  The first involved 

extruded PLGA fibers that contained unprotected PTN32.  These fibers 

were wrapped into coils that surrounded the needles of the BNI casting 

device.  This provided PTN from the edge of each channel into the 

collagen lumen.  In addition to this fiber delivery technique PLGA micro-

particles were used from the previous 3 cm work.  The experimental 

groups were as follows: 
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1. BNI without growth factors (5.2 cm long / 5.0 cm of 

internal agarose) (negative control – hypothesized to not 

achieve functional recovery) (n=3) 

2. BNI with coiled PLGA PTN fibers (5.2 cm long / 5.0 cm of 

internal agarose) (n=3) 

3. BNI with PLGA PTN micro-particles (5.2 cm long / 5.0 cm 

of internal agarose) (n=3) 

We were unsure of the effect of a CPN injury on gait, so in addition 

to previously used behavioral assays, we examined the gait patterns of 

NZWR while hopping on a treadmill.  We hoped to find an optimal 

fabrication method for a long-gap BNI supplemented with PTN. 

Materials & Methods 

BNI Fabrication 

Micro-particles.  The PTN micro-particles used in this study were 

previously prepared and characterized for the 3 cm BNI trials, but the 

double emulsion technique was used.  All steps were done using sterile 

techniques, and when possible in a bio-safety level 2 (BSL-2) hood.  The 

PTN solution was made at a 10 µg/ml PTN (Peprotech, Inc) concentration 

in deionized (DI) ultrapure (UP) water.  The hydrophobic phase of the 

process was made with 50:50 PLGA (Lakeshore Biomaterials) 200 mg/ml 

in dichloromethane (DCM) (Sigma).  The final aqueous phase was made 
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with 200 mg of PVA (Sigma) in 20 ml of DI-UP water.  The PTN solution 

was mixed into hydrophobic phase and vortexed for 30 seconds 

(technique note: sonication may be helpful if the process does not make 

micro-particles of the desired small size).  This mixed solution is then 

added to the final aqueous solution and then is vortexed for 2 minutes 

(technique note: sonication may be helpful if the process does not make 

micro-particles of the desired small size).  Gentle stirring for about 1 hour 

at room temperature then evaporates the remaining DCM.  To collect the 

micro-particles, the solution can be spun at 4000 RPM for 15 minutes on a 

centrifuge.  The particles should be re-suspended in 10 ml 1xPBS 

(phosphate buffer solution) and should be immediately freeze-dried 

(technique note: any delay in the freeze-drying process will allow the PTN 

to leech out of the micro-particles).  After freeze-drying, the particles 

should be visually examined for size and shape abnormalities.  This is 

best done by taking a very small sample, sputtering with silver (Ag) and 

then imagining with a scanning electron microscope (SEM).  A Hitachi S-

3000N was used for these experiments. 

Coils.  PLGA coils were made using an adapted wet-spinning 

technique32.  An approximately 20% by weight solution of PLGA was 

dissolved into DCM.  To this stock solution various proteins were added:  

1. PTN (4µg/ml)(Peprotech, Inc.) 
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2. BSA (20µg/ml)(Sigma) 

After completely dissolved, the solution was poured into a glass 

syringe of approximately 5 ml volume (Hamilton, Inc).  A syringe pump 

was used to inject the solution through a bent cannula/needle into a 

coagulation bath that is maintained in a glass coagulation column 

(technique note: this part of the methodology is highly variable, and it is 

important to experiment with the flow rate to maintain even fibers).  The 

fibers are allowed to dry at room temperature and then stored by wrapping 

on slides in the freezer.   

PTN release.  To assess the amount of PTN released, a substitute 

protein, bovine serum albumin (BSA) was used as a model from release 

from the same formulation of PLGA micro-particles and PLGA fibers.  1 

mg of BSA particles (and 5, 10, and 20 cm sections of BSA fibers) were 

placed in 1 ml of 1xPBS and kept on a shaker-incubator at 37 C for 28 

days.  At 0, 2, 6, and 12 hours samples were taken with care to not 

remove the micro-particles from the 1.5 ml vial.  In addition, at 1, 2, 3, 7, 

14, 21, and 28 days samples were taken.  These samples were the loaded 

into an enzyme-linked immunosorbent assay (ELISA) for BSA 

(ThermoScientific).  The absorbance of these samples was measured at 

the immunosorbent frequency of 562 nm on a plate-reading 

spectrophotometer.  
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Other BNI components.  The outer tubing of our conduits was either 

made of cross-linked urethane-doped polyester (CUPE; Synthesized at 

UTA) or microrenathane (Braintree Scientific, Inc.).  Either tubing had an 

internal diameter of 1.7 mm and an outer diameter of 2.4mm.  They were 

cut to length (52 mm) and then perforated by steel 250 µm needle 

attached to a Dremel rotary drill.  Perforations were made lengthwise on 

the tube every 2-3 mm and in 4 evenly spaced tracts on the tube.  The 

tubes are then individually inspected for defects and any burrs that remain 

from perforating are removed.  The casting chamber was custom built by 

Zyvex, Inc. for this application out of biocompatible injection plastic.  Each 

casting chamber requires 8 needles (7-250 µm, 1-350 µm; Smallparts, 

Inc.) that are cut by wire cutter to approximately 100 mm long (350 µm 

should be longer) and filed by rotary sanding drill bit with the Dremel rotary 

drill.  (Technique note: the point should be shaped like a rounded bullet 

rather than an icicle).  The two remaining components are essential, and 

their care will be explained in the following section: Analytical-Grade 

Agarose (Promega; Gelling Point (1.5%): 24-28 C; Melting Point (1.5%): 

65.5 C; Gel Strength (1%) ~ 300 g/cm2) 33 and Avian Collagen Kit ECM675 

(EMD Millipore).  After all components are built, there is a long disinfection 

process: wash in DI-UP water (3x), then 70% ethanol solution (3x), and 

finally leave under UV light overnight to dry. 
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Stepwise construction.  A BNI is defective if the following are found 

after completing construction: large agarose bubbles, any collagen 

bubbles, or disrupted channels.  Many of these defects are only 

observable under 20x magnification or after sufficienct practice.  Here are 

the steps (with many technique notes): 

1. Assemble all necessary parts in BSL-2 hood after properly 

cleaning and disinfecting: 

a. Perforated, disinfected tubing (in sealed petri dish) 

b. 7-250 µm needles 

c. 1-350 µm needles 

d. 1.5% by weight agarose solution (approximately 40 ml)  

(make sure it is pH balanced before gelling) (use filtered 

DI-UP water)(never boil solution) 

e. Heating plate with 250 ml beaker filled with 100 ml water 

and accurate mercury thermometeràheat water to 85 C 

f. Dumont Tweezers #5 (2) 

g. Frozen 1.5 ml Eppendorf tube holder 

h. Collagen kit 

i. Mix the first two components and the micro-

particles and keep this solution on ice 
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ii. Only add the cross-linker when the procedure calls 

for it 

i. 25 or 30 gauge needles 

j. Luer-Lok syringes (1 or 3 ml) 

k. Kim wipes 

2. Temperature regulation of all components is essential, here are 

some guidelines: 

a. Collagen should never be thawed except when mixing in 

micro-particles and when loading into the well of the 

casting device. 

b. The agarose should never be boiled, and once liquid 

should be maintained at 45 C.  Avoid gelling and melting 

the agarose repeatedly.  

3. Select the outer tubing with great care.  Examine each tube to 

look for excessively large perforations, and excessive curvature. 

4. Align the tube on the on the two end components of the casting 

chamber. 

5. Insert the 350 µm needle into the central channel.  

6. Carefully insert the next seven 250 µm needles in a circular 

fashion around the central needle. Make sure the top insertion is 

perfectly aligned with the bottom insertion.  
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7. Set the casting device down and look for any defects before 

injecting agarose.  

8. If no defects are found, draw up over 1 ml of liquid agarose (45 

C).  Wipe off the tip of the syringe with a Kim wipe and lock the 

needle onto the syringe. 

9. Insert the need through the outer tubing so the needle is barely 

touching the inner needles of the casting device. 

10. Slowly, but smoothly, inject agarose with sufficient pressure that 

some agarose leaks out of the perforations. 

11. Look to see if there are any bubbles along the entire BNI length.  

Discard if bubbles appear, and start the process over again. 

12. Very gently wipe off any excess agarose. 

13. Begin to thaw the collagen solution in your hand.  This is quite 

variable based on the volume of collagen used (try to use about 

200 µl).  Check every 10 seconds with a sterile pipette tip to see 

if it is thawed.  

14. Once thawed, add the cross-linking agent.  Mix very gently with 

the pipette tip.  Do not add any bubbles to the solution.  If 

bubbles form and do not vanish, discard the collagen, and start 

again. 
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15. If the collagen solution is without bubbles, after a gentle, quick 

mix, then immediately add to loading well.  Do not waste any 

time with this step.  Add at least 150 µl to the loading well.  

Make sure the collagen bulges well above the loading well.  This 

column height is helpful to ensure a successful BNI. 

16. As soon as the collagen is in the loading well, you must be 

ready to pull the needles from the casting device.  The needle 

entering the loading well highest should be pulled first, and then 

each needle should be pulled afterwards in a descending 

fashion. 

a. Grab the loading well with one set of tweezers and grab 

the needle to be pulled with the other set.  There is a 

small amount of resistance to get the needle moving, but 

then very little afterwards.  Pull the needles very slowly 

(10 seconds/needle), but be mindful of the necessity to 

complete this step quickly (the collagen is polymerizing 

and will be too viscous to pulled through by the last 

needle if you move too slowly). 

17.  Observe each channel for bubble formation.  The BNI is a 

failure if air bubbles occlude any channels.  
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18.  With all needles pulled, removed the end caps of the casting 

device gently.  Take care not to disrupt any of the now formed 

collagen channels. 

19. Place the BNI in a bath of cold 1xPBS. 

20. Visually inspect the BNI under a microscope and ensure no 

manufacturing defects. 

Surgery 

NZWR were fitted with an isoflurane breathing mask and provided 

3% isoflurane in the oxygen supply during all surgical procedures or 

injections.  Animals were anesthetized with intramuscular injection of a 

ketamine-xylazine solution (35 mg/kg ketamine; 5 mg/kg xylazine).  The 

left thigh from knee to spine was shaved and cleaned with 70% ethanol 

and povidone-iodine.  An incision line was traced from just caudal to the 

femur head to the head of the knee.  A scalpel was used to cut the skin 

and expose the underlying muscle.  Cutting the fascia overlying the sciatic 

nerve split the muscles and they were held open by retractor. The sciatic 

nerve was exposed from the sciatic notch to the top of the knee.  This long 

exposure is essential to separate the peroneal (smaller) from the tibial 

nerve (larger) in the sciatic bundle.  The peroneal nerve must be 

separated from the tibial by cutting the fascia with micro-scissors and then 

gently spreading apart with #5 Dumont tweezers.  After complete 
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exposure and separation, the peroneal was transected with micro-scissors 

twice to remove a 5 cm segment.  The BNI was gently placed in the 

surgical area and then moved into place with tweezers.  The proximal end 

of the peroneal nerve is gently placed into the BNI and sutured in place 

with 10-0 nylon sutures. The epineurium is sutured to the BNI tubing with 

minimal damage to the underlying nerve structure.  The distal end is then 

fixed in the same manner.  The muscles are closed with 3-0 chromic 

sutures and the skin is stapled and coated with antibiotic ointment.  The 

wound in then bandaged and the animal is removed from the isoflurane.   

Post-operative care.  Each animal was administered approximately 

2 ml of trimethoprim sulfamethoxazole orally by cannula syringe.  In 

addition, the animals received buprenorophine (1 mg/kg) once a day 

subcutaneously.  After one week, the bandages were removed if the 

animal had healed properly. 

Behavioral Assays 

Toe-spread index.  The peroneal nerve innervates the tibialis 

anterior muscle responsible for dorsiflexion.  This motor function can be 

tested by the toe-spread index, which is the ratio of the injured foot width 

divided by the uninjured foot when the animal is in a startled state.  A 

simulated drop initiates the startled state and the animal readies itself to 

land on the ground by spreading its feet.  Toe-spread width was measured 
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by ruler and calculated in Excel.  Toe-spread testing was compared 

between the experimental groups at multiple time-points. 

Formalin test.  To assess sensory function of the peroneal nerve, a 

nociceptive formalin assay was used.  The animal is briefly anesthetized 

with isoflurane and then formalin is injected into the dorsal side of the foot.  

This region is part of the dermatome of the peroneal nerve.  200 µl of 10 

% (by weight) formalin (Sigma) is used in a 1xPBS solution.  The animal 

will immediately be awoken from the isoflurane-induced stupor, and then 

will lick the dorsal section of the foot.  The animal is recorded by video for 

10 minutes (technique note: avoid entering the room after injecting the 

animal – any human interaction will interrupt normal pain behavior).   

Isometric muscle force testing.  Exposing the tibialis anterior 

muscle and attaching the distal end to a custom-built force-plate 

transducer that then was fixed to a rigid testing apparatus measured 

muscle force during contraction.  This test was done for both the injured 

side and the uninjured side.  This terminal procedure was performed with 

the animal under ketamine/xylazine, but not isoflurane.  The peroneal 

nerve was exposed at the sciatic notch.  The tibialis anterior muscle was 

exposed, and the distal tendon was severed to allow insertion into the load 

sensor.  The load sensor was a Load Star force transducer (MFM-010-

050-A) that was connected to a Load Star USB hub (DQ 1000U) and then 
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finally a PC laptop with the Load Star LoadVUE software installed.  After 

the distal end of the muscle was inserted into a modified alligator clip, the 

load sensor was zeroed to eliminate any pre-stimulus force.  The peroneal 

nerve was then stimulated proximal to the conduit (Model 2100 AM 

Systems) with increasing voltage until a maximum twitch force was 

achieved.  The entire stimulus period was recorded for review in EXCEL. 

Gait analysis.  This experiment piloted a new analysis method for 

functional recover of the CPN.  Animals were initiated to walking on a 

treadmill before surgery.  Permanent colored markers (Sharpie, Inc) were 

used to make circular colored patches on shaved skin at the knee, ankle, 

and the head of the 4th metatarsal.  The animal was then placed on a 

treadmill (Dogpacer, Inc) designed for small dogs.  The animal was given 

a few moments to become comfortable with the treadmill before it was 

turned on and set to the lowest speed (<3 miles per hour; MPH).  The 

hopping pattern is quite variable, so an absolute speed is difficult to report.  

Two digital cameras connected to the OmiPlex (Plexon, Inc) system are 

activated to record at 80 fps (frames per second).  With the color-marked 

animal hoping on the treadmill at a reasonable frequency, the CinePlex 

recoding system is turned on (Plexon, Inc).  The colored marks are 

entered into the system by activating the color-tracking ROI (region of 

interest) mode.  Some adjustment will need to be made to ensure the 
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colored mark is recognized properly.  The animals are recorded for a 

minimum of 10 hops and two files – an .AVI file and a .DVT file are saved 

for further analysis.  To analyze the kinematics of the gait, there are two 

main methods.  CinePlex can be used to calculate the angle between 

three ROIs (knee, ankle, and 4th metatarsal).  ImageJ (NIH) can also be 

used with screenshots of the images of interest.  The angle tool in ImageJ 

was used to calculate the angle of the ankle joint throughout the hop.  This 

calculation was used to compare the re-innervation of the CPN to the 

tibialis anterior muscle.  The mid-swing ankle angle was the main 

parameter analyzed. 

Tissue Fixation 

Animals were euthanized with Euthosol (87 mg/kg) through a 

peritoneal injection.  Once the animal was non-responsive, the animal was 

opened just below the sternum, and then the diaphragm was separated 

from the rib cage.  This exposed the heart, to insert a large diameter 

cannula into to left ventricle all the way to the aorta.  A 0.9% NaCl (Sigma) 

solution was pumped by peristaltic pump.  The right atrium is cut to allow 

sufficient blood drainage.  After 500 ml of the salt solution has perfused 

through the animal, a 4% paraformaldehyde (Sigma) was injected through 

the same system.  Once the animal was fixed, the tibialis anterior muscle 

was removed for weighing and the BNI with proximal and distal segments 
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intact was removed.  The samples were placed in a cold 4% PFA solution 

overnight, and then transferred to a 1xPBS solution and stored at 4 C.  

Statistical Analysis 

Analyses were performed in GraphPad Prism 5 or in Microsoft 

Excel 2010.  Graphical results reflect an average with error bars 

representing the +/_ of one standard deviation (SD).  Paired groups were 

analyzed with a two-tailed T-Test and multiple groups were analyzed with 

a one-way ANOVA (analysis of variance).  The post-hoc test was selected 

based on the recommendations of the statistical software and statistical 

textbooks34, 35.  Designations of each p-value are represented in graphs as 

follows: p<0.05 *, p<0.01 **, p<0.001 ***.   

Results 

The main and most important result from this experiment is that 

none of the animals had nerve tissue recovery.  Even the animals that 

received PTN augmented BNI conduits were unable to regenerate the 

CPN across a 5 cm gap.  This means that all results presented reflect the 

chronic injury state of CPN de-innervation, and serve as a reference for 

the 4 cm gap experiment.   

BNI Fabrication 

BNI fabrication from this experiment had a very high failure rate due 

to the number of complexities of design.  Including PLGA coils to 250 µm 
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metal needle proved to dramatically increase the error rate.  For 9 

successful BNIs approximately 40 conduits were attempted. 

Explanted BNIs showed little fabrication defects, and none showed 

full tissue regeneration.  Some conduits had regenerated tissue separated 

into the micro-channels, which indicated that the environment was suitable 

for regeneration, but there was likely not enough trophic support to entire 

the CPN. 

Behavior Assays 

TSI.  None of the animals had functional recovery and none 

showed signficant recovery of their ability to spread their toes.  The first 

post-operative assay and the final assay showed little to no difference.  As 

a reference for the subsequent experiments, the final toe-spread values 

were calculated at week 12 (just before sacking).  As would be expected 

the animals are able to spread their uninjured foot nearly double the width 

of the injured foot (Figure 1-1).  
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Figure 1-1 : Absolute toe-spread of the injured and uninjured feet of all 

animals post-surgery (mean with SD) (two-tailed paired t-test p<0. 001)36 

Formalin.  No animals showed significant sensation recovery 

following the BNI implantation.  There was a large amount of variability in 

the formalin response of the animals, but a signficant decline in licks to the 

de-innervated area was observed (Figure 1-2; adapted from Prasad, P., 

2012). 
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Figure 1-2: Average number of licks per 10 minutes following formalin 

injection for both uninjured and injured animals (adapted from Prasad, P., 

2012)(mean with SD) (two-tailed paired t-test p<0.001)36 

Isometric muscle force testing.  As expected, very little muscle 

force of the tibialis anterior could be evoked by bi-polar electrode 

stimulation of the injured CPN.  The uninjured side exhibited forceful 

contractions (Figure 1-3) 36.  



 

 28 

 

Figure 1-3: Muscle force of the tibialis anterior muscle during CPN 

electrical stimulation (adapted from Prasad, P., 2012)(mean with SD) (two-

tailed paired t-test p<0.001)36 

Gait analysis.  Many parameters of the NZWR were analyzed, but 

the main finding was that post-injury the mid-swing ankle angle doubles 

when the injury to the CPN is chronic.  The injury state of all animals is 

graphed below (Figure 1-4): 
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Figure 1-4: The mid-swing ankle angle for all animals for the injured and 

uninjured CPN state (adapted from Prasad, P., 2012)(mean with SD) (two-

tailed paired t-test p<0.01)36 

Discussion 

From these preliminary experiments, we can conclude that CPN 

de-innervation leaves lasting functional deficits in NZWR.  It appears that 

our delivery strategies for PTN proved to be inadequate to sustain 

peripheral nerve regeneration.  The BNI does not seem to be the limiting 

element.  It appears that sustained delivery of PTN across the full 

regeneration timeframe was a design limitation.  The next experiment took 

a year to plan to ensure that PTN release was sufficient for the entire 

regeneration process.   
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4-Cm Gap Injury Experiment 

After failing to regenerate the CPN across a 5 cm gap, we 

attempted to regenerate the CPN across a 4 cm gap with the most 

consistently reproducible growth factor delivery method.  Initial work to 

accurately characterize growth factor release, was followed by a full 

NZWR experiment. 

Experimental Design 

24 NZWR were used to test the regeneration potential of BNIs at 4 

cm gaps with pleiotrophic support.  Other animals in the study were used 

to test hypotheses not included in this work.  The experimental groups 

were as follows: 

1. BNI without growth factors (BSA micro-particles) (4.4 cm 

long / 4.0 cm of internal agarose) (negative control – 

hypothesized to not achieve functional recovery) (n=5) 

2. BNI with PLGA PTN micro-particles (4.4 cm long / 4.0 cm 

of internal agarose) (n=6) 

3. Autograft (a 4 cm CPN segment was reversed and 

sutured in place) (n=4) 

Functional recovery was assessed by toe-spread index (TSI), 

formalin nociceptive assay, and gait analysis. 
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Materials & Methods 

Only differences from the previous BNI experiments will be 

explained. 

BNI Fabrication 

Growth factor release.  To determine the quantity of growth factor 

released each day by PLGA micro-particles, an ELISA was run for each 

growth factor rather than a suitable alternative (previously, only BSA 

release was quantified by ELISA.  The same time increments were 

measured as before, but the experiment was repeated to avoid an 

erroneous concentration.  A daily concentration was calculated by the 

following method: 

1. Calculation assumptions: 

a. Growth factors were largely contained within the collagen 

matrix (two additional barriers: agarose and polyurethane 

tubing likely quarantined any escaped growth factors). 

b. Growth factors were assumed to have a 4-day ½ life in 

the area of implantation once eluted from the PLGA 

particle31, 37.  Little to no degradation was assumed while 

embedded31. 

2. The release for day 1 was calculated by summing the growth 

factor released at 0, 2, 6, 12, and 24 hours.   
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3. Day 2 GF release was measured 

4. Day 3 GF release was measured 

5. Day 4 GF was assumed based on the amount of growth factor 

released on day 7.  The cumulative amount of day 7 was 

divided for the calculation between days 4, 5, 6, and 7.  This 

method likely underestimates the amount of GF actually 

released on day 4, but likely overestimates the amount released 

on day 7.   

6. The remaining days up until day 28 were calculated individually 

by the method described above. 

7. Once the daily release amounts were calculated, a ½ life 

dependent factor was incorporated to find the true concentration 

of GF for each day. 

a. Example of true GF concentration calculation (day 4) =  

i. Amount released by particles on day 4 

ii. +amount released on day 3 remaining: 

1. (Xday3)(1/2)^(1/4) 

iii. +amount released on day 2 remaining: 

1. (Xday2)(1/2)^(2/4) 

iv. +amount released on day 2 remaining: 

1. (Xday1)(1/2)^(3/4) 
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v. The sum was calculated for each day in this 

manner. 

The daily amount of GF released was then converted into an 

absolute concentration by dividing by the volume of the BNI collagen.  The 

amount of micro-particles was measured so as to never exceed the 

reported inhibitory concentrations in the literature (100 ng/ml) 22-24.  The 

exact same amount (weight) of PLGA micro-particles was added to the 

collagen.  This was done to control for the effect of PLGA in the BNI 

channels.  The correct amount of the GF PLGA particles was added, and 

then the necessary amount of BSA PLGA particles was added to account 

for the necessary mass. 

Behavioral Assays 

All behavioral assays were largely conducted in the same manner 

as the previous 5 cm experiment.  However, each assay was systemically 

reviewed and optimized. 

Toe-spread index.  Previously, NZWR were given a simulated drop 

that was done by hand.  To ensure a more consistent drop, a large sturdy 

vertical platform was constructed to support a moving track.  The track 

supported a harness in which the NZWR was placed.  The animal could 

be dropped repeatedly and consistently for each trial.  Furthermore, rather 

than measuring the TSI by hand, a high-speed video camera was used to 
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track the animal, and the width of the feet was measured with ImageJ 

(NIH) and converted to centimeters. 

Compound muscle action potential.  In substitute of the muscle 

force testing, the evoked compound muscle action potentials (CMAP) 

were recorded for each animal.  Immediately prior to sacking the animals, 

the BNI was exposed.  A bipolar stimulating electrode was held proximal 

to the BNI and a stimulation pulse of up to 4.5 V was applied.  The signal 

was recorded in the tibialis anterior and peroneal muscle (the muscles are 

in close proximity, but only one needle electrode was used).  The 

stimulation and response waves were recorded on the Plexon OmniPlex 

System (Plexon, Inc.) at 40,000 Hz analog to digital conversion.  Spikes 

were sorted to only look for amplitude changes consistent with the high 

voltage stimulation peak.  Each peak identified served as a reference to 

save the signal 10 ms prior and 50 ms post-peak.  The amplitudes of the 

response wave (action potential generated in the muscle; M-Peak) were 

calculated for each animal.  If an animal showed an M-Peak, 1-2 drops of 

Lidocaine were applied to confirm that no peak remained.  In addition, the 

compound action potential was measured in the anterograde and 

retrograde directions to examine the nerve conductivity.   
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Tissue Processing & Immunohistochemistry 

After sacking the animals, tissue processing was performed on 

each conduit and autograft in the same manner.  Each BNI was gently 

cleaned in a 1xPBS solution with careful attention to not disturb micro-

channel architecture (note: it is difficult to prevent any damage to the very 

soft agarose, and pictures were taken on a Leica MZ75 of the BNIs before 

removing the outer tubing).  The outer tubing of the BNI was removed to 

expose the agarose micro-channels.  All nerve samples were split into 

proximal, middle, and distal sections for cross sectional axon comparison.  

These samples were sent to UT Southwestern Medical Center to be 

embedded in paraffin wax.  The returned paraffin blocks were sectioned 

on a Leica microtome to approximately 10 µm in thickness and each slice 

was placed on a glass slide (Fisherbrand Superfrost Plus, FisherScientific, 

Inc.).  The sections were further processed - dissolving the paraffin by 

heating the slides to 60 C for 15 minutes, and then immersing in xylene.  

The samples were then immersed in a series of decreasing concentration 

(diluted with deionized water) alcohol baths (100%, 90%, 70%, 0%) – 

concluding with a citric acid bath for 15 minutes at 80 C.  The slides were 

then cooled for approximately 10 minutes.  The slides were washed twice 

with 1xPBS and then incubated with a blocking solution (250 uL per slide; 

4% Goat Serum) for one hour.  Blocking solution is removed and primary 
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antibodies are added in the blocking solution (1:400 Mouse Anti-Beta-

Tubulin; 1:325 Chicken Anti-P0; Invitrogen, Inc.) for one hour.  B-Tubulin 

was used to stain for axons, and P0 was used to stain for myelination.  

The slides were washed three times for 10 minutes on a slow shaker.  

Secondary antibodies were added (1:400 Goat Anti-Chicken 488; 1:400 

Goat Anti-Mouse Cy3) for one hour with no shaking.  Samples were 

washed four times.  The slides were then finished with mounting media 

and coverslip.  They were maintained at 4 C until imaging.  All imaging 

was perfomed on distal sections of the BNI or Autograft samples at 20X 

objective (1X OptoVar) using a Zeiss Observer Z1.  Zeiss AxioVision 

software was used to perform a multidimensional image acquisition (Cy3 

and GFP).  Samples were chosen that had the highest density of B-

Tubulin positive staining.  Exposure was set by the measure function in 

AxioVision.  Images were exported in TIF format for analysis in FIJI.  The 

Cell Counter plugin was used in FIJI to count the number of B-Tubulin 

positive axons.  The entire field of view was analyzed of intact samples.  

Some samples were excluded if there was indication of unspecific staining 

or high auto-fluorescence. 
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Results 

BNI Fabrication 

The BNI fabrication success rate improved substantially thanks to 

the improved temperature regulation of the agarose and collagen along 

with a more controlled introduction of the PLGA micro-particles to the 

collagen matrix.  To successfully make 20 4.4 cm BNIs 28 were 

attempted.  This is a success rate of 71%. 

For PTN the cumulative release can be characterized as a burst 

within the first 48-hour period of implantation (Figure 1-5) 38: 

 

Figure 1-5: Cumulative PTN release into simulated body environment from 

PLGA micro-particles. 
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As was described in the methods section, a more analytical method 

was developed to report actual GF concentration within a BNI with the 

assumption that released GF does not immediately degrade, but rather 

has a ½ life.  Additionally, this model provides the maximum concentration 

reached throughout the regeneration time frame so as to avoid inhibitory 

levels of GF (Figure 1-6): 

 

Figure 1-6: Maximum GF concentration for each day of the regeneration 

time frame.  A maximum concentration is reached on day 4 (100 ng/ml).   

Tissue Regeneration 

The explanted BNIs were intact and showed no sign of infection or 

rejection.  The regeneration of tissue across the 4 cm gap was very limited 
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in the BSA and PTN BNI groups.  However, some animals showed clear 

regeneration tissue emanating from the proximal stump into the BNI. 

 

Figure 1-7: Image of explanted BNI with BSA micro-particles (N13) 

(Proximal End).  Direction of outgrowth is from right to left.   

 

Figure 1-8: Image of explanted BNI with PTN micro-particles (N19) 

(Proximal End).  Direction of outgrowth is from right to left. 

Regeneration beginning at the proximal end appeared to be 

interrupted in a number of samples by either a cessation of regeneration, 
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or damage to the agarose channels during tissue processing (note: likely 

due to the connective tissue that surrounds the BNI and infiltrates through 

the outer pores).   

Behavioral Assays 

Animal behavior can be a highly variable and as such it was 

important to look at as many indications of functional recovery.  

Furthermore, all animals were coded so the researchers were blind as to 

which animals had received which treatment. 

Formalin test.  The formalin test relies on functional re-innervation 

of the dermatome of the dorsal section of the foot.  If the CPN does not re-

innervate this area it is assumed that there will be no reaction to the 

painful injection.  However, if the foot is re-innervated then the animal will 

begin licking the foot (it is assumed that number of licks corresponds to 

pain).  The formalin assay was performed twice for each animal giving a 

cumulative n of 48.  The number of licks was compared between groups in 

a one-way ANOVA with a multiple comparisons Tukey’s post-hoc test, and 

no significant difference between groups was observed (p=0.28) (Figure 1-

9).   
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Figure 1-9: Formalin test results.  No significant differences between 

experimental treatments in recovery of sensory function (one-way 

ANOVA).  

Gait analysis.  The gait was recorded for each animal once before 

surgery and then 5 times after surgery.  Each animal had 10 hops 

analyzed for mid-swing ankle angle (MSAA; minimum angle achieved 

while hopping).  The cumulative number of hops analyzed was 

approximately 1,400.  The first two post-operative trials were combined to 

serve as a post-injury baseline, and compared to the final gait analysis.  

This served as a measure of the MSAA recovered for normal locomotion.  

The groups were analyzed by one-way ANOVA with a multiple 

comparisons Tukey’s test.  No significant difference between groups was 
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observed (p=0.055), but clearly the autograft had the largest functional 

recovery.  In an unpaired two-tailed t test with Welch’s correction, a 

significant difference was observed between the Autograft and PTN group 

(p=0.028).  (Figure 1-10). 

 

Figure 1-10: Mid-swing ankle angle recovered after injury.  Positive values 

represent the treatment group had greater recovery of function.  No 

significant difference was observed between experimental groups (one-

way ANOVA; p=0.055).   

Toe-spread index.  The toe-spread index(TSI) is a ratio of the 

injured foot to the uninjured foot when the animal is startled into spreading 

its feet.  A TSI value of 1.0 indicates that the animal spreads it feet 

equally.  For the TSI assay the animal was recorded for each animal once 
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before surgery and 5 times after surgery.  Each trial includes 5 repeated 

measures.  This gives a total number of trials analyzed of approximately 

700.  To calculate the recovery of function, the final TSI was compared to 

the baseline TSI.  This ratio was reported as the percent recovery of TSI.  

When groups were compared, there was a significant difference between 

groups by one-way ANOVA (p=0.0297).  The significant difference was 

further analyzed by Tukey’s multiple comparisons test, and only the 

Autograft and BNI with BSA groups were significantly different (p=0.0324).  

Autograft and PTN were not significantly different (p=0.0634), but had less 

range overlap than did the PTN and BSA comparison (p=0.8598) (Figure 

1-11). 
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Figure 1-11: The percent of TSI recovery is plotted. One-way ANOVA of 

the groups yielded a significant difference between the Autograft and BSA 

experimental groups (p=0.0297).   

CMAP.  The CMAP of each animal was plotted and then the 

maximum M-Peak amplitude was calculated.  A one-way ANOVA with 

Tukey’s post-hoc multiple comparisons test showed a highly significant 

difference (p<0.0001) between the experimental groups and the positive 

control Autograft group (Figure 1-12). 
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Figure 1-12: The calculated M-Peak values.  The Autograft group had the 

highest M-Peak wave amplitude, and the difference between the BNI w/ 

BSA and BNI w/ PTN was highly significant (p<0.0001).  No significant 

difference was observed between the two BNI groups. 

Immunohistochemistry. The BSA and PTN groups showed some 

evidence of B-tubulin positive axons distal to the BNI implant whereas the 

Autograft group showed a dramatically higher number of axons.  There 

were very few myelinated axons in any sample analyzed for the BSA and 

PTN groups, whereas significant myelination was observed for the 

Autograft group. 
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Figure 1-13: Top, Animal N13 (BNI w/ BSA);  Middle, Animal N19 (BNI w/ 

PTN);  Bottom, Animal N11 (Autograft).  B-Tubulin (red) and P0 staining 

(green) shows clear indication of myelination around most axons in the 

autograft sample with little to no indication in the BSA or PTN animals.    
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The same cross sectional area (1388 by 1040 pixels at 20X 

objective and 1X OptoVar), was analyzed for the total number of axons.  A 

one-way ANOVA showed a significant difference between the Autograft 

and the BNI groups (p<0.0001).  Autograft samples had significantly 

higher axonal density.  There was no significant difference between the 

BNIs with BSA or PTN.  

 

Figure 1-14: # of B-Tubulin positive axons in the same cross-sectional 

area (1388x1040 pixels).  The Autograft group has a significantly higher 

axonal density. 
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Discussion 

This study is one of the largest, most thorough investigations into 

trophic support of peripheral nerve regeneration.  The 4 cm gap trials 

allow us to conclude the following: to regenerate functional nervous tissue 

beyond 3 cm sustained sub-inhibitory concentration PTN (100 ng/ml) 

delivery is not sufficient.  The PTN augmented BNIs showed signs of 

regenerated tissue, but gaps in the tissue indicate incomplete recovery.  

The same is true for the BSA BNI group.   

During this same experiment, a trial of synergistic growth factors 

(PTN and GDNF) was attempted and showed regeneration in 2 out of 5 

animals.  This indicates that our step-by-step approach to adding all the 

components necessary will likely be successful. 

This study also demonstrated the importance of accurate modeling 

of growth factor support.  Without accurate drug delivery, a researcher has 

only increased the variables in a controlled experiment.  Our work at 5 cm 

did not control adequately for the amount of GF released and maintained 

in the lumen of the BNI.  The modeling presented here serves as an 

important addition to the field for implants that maintain an isolated 

environment from the body. 

Behavioral assays remain a troublesome aspect of animal work.  

The lack of clear results between the experimental groups indicates that 
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likely many factors need to be combined to yield an accurate picture of 

functional recovery (i.e. the sciatic functional index) 6, 39-41.  It was very 

useful to have multiple assays to fully characterize functional difference 

between groups.  Ultimately, CMAP analysis proved to provide the most 

clarity, confirming that the tissue regenerated in each BNI was highly 

unlikely to be functional. 

From the immunohistochemistry samples there is little evidence of 

axons in the BSA or PTN BNI groups becoming re-myelinated.  This 

result, coupled with the CMAP analysis, indicates that although some 

axons were able to bridge a 4 cm gap it is likely that these axons were not 

mature or functional at the time of sacking. 

Differences between the pre-injury and post-injury state (as seen in 

the 5 cm work), are interesting, but do not give a clear picture as to which 

treatment is working better.  Although many of the behavioral differences 

between experimental groups are not significant in this 4 cm work, it 

should be recognized that this analysis was done to isolate one variable 

over a 4-month recovery period.  This experimental design both increases 

the importance of the work, and decreases the chances of large effect 

sizes.   
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Conclusion 

In conclusion, peripheral nerve regeneration across long-gap 

defects remains a significant problem for both surgeons and patients.  

Although our research group has been able to show functional 

regeneration across 3 cm gaps, consistent 4 cm gap recovery did not 

occur.  Axons that did bridge the gap at 4 cm do not show evidence of 

mature myelination or functionality.  This indicates that the BNI approach 

is very much a viable model for peripheral nerve repair at 4 cm, but the 

growth factor delivery system employed in this work was not sufficient to 

provide functional recovery even with axons that spanned 4 cm deficits.  

Work undertaken to improve the growth factor delivery not presented here 

was submitted for an international patent in Appendix A 

(PCT/US14/16905). 

In addition, working with large animals was an important challenge 

for our research group.  Many experimental treatments for peripheral 

nerve repair focus on short gaps in small animal models.  The added 

complexities of long-gaps and large animals make this work more relevant 

for patients.   

It remains that the gold standard in peripheral nerve repair is the 

harvested autograft, but with the advent of more precise additive 
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manufacturing, and advanced drug-delivery methods, it is possible that a 

synthetic peripheral nerve conduit could perform as well as an autograft.  
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Chapter 2  

Multi-Luminal Conduit To Impede Neuroma Development And Peripheral 

Nerve Pain 

Introduction 

Neuroma 

Following axotomy in an intact appendage, the regeneration 

program of the nerve begins.  With a distal target found, the nerve will 

mature and arrest regeneration42.  There is no such signaling for nerve 

regeneration in an amputated limb.  With no intact distal target the nerve 

will continue to regenerate leading to a mass of intertwined axons, 

connective tissue, and inflammatory cells42-48.  This benign tumor known 

as a neuroma will generate debilitating pain signals in many patients48.  

Any successful neuroma therapy must successfully inhibit the neuroma-

associated pain that for many patients is intractable48. 

Each year over 185,000 patients in the United States undergo an 

amputation procedure49, 50.  In addition over 2 million patients live with an 

amputation49, 50.  Patients will develop a neuroma at the distal stump of 

their amputated appendage, but the incidence of neuropathic pain is 

variable48.  The neuropathic pain is often treated surgically by removing 

the neuroma bulb, and then ablating the tissue proximal to the neuroma44.  

Other surgical techniques include burying the nerve ending in skeletal 
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bone or suturing the epineurium44, 45.  The bulb serves as a focal point of 

peripheral nerve pain, and has been shown to respond to mechanical, 

thermal, and chemical nociception51.  C-fibers have been implicated as the 

main determinant of neuroma bulb pain, but other fiber sub-types may 

play a role in neuroma pain42, 43, 52. 

Conduits approved for peripheral nerve repair are also approved for 

peripheral neuroma treatment, but adoption of this technique is not 

widespread25, 53.  Originally, conduits were proposed as a method to 

mechanically isolate the neuroma bulb25, 53. 

Multi-Luminal Neuroma Conduit Experiment 

Experimental Design 

This experiment was designed to test if a multi-luminal conduit 

would keep regenerating nervous tissue in separate channels and limit 

intertwining of nerve endings.  Intertwining nerve endings may increase 

the potential of co-activation (an action potential is induced by an action 

potential in in an adjacent axon) 51, 52.  Our hypothesis that the 

combination of mechanical isolation in a conduit with multi-channels would 

provide significant pain attenuation of mechanically induced neuroma 

pain.  In addition to the multi-luminal approach, we hypothesized that 

introducing different concentration agarose gels into the ends of each 
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lumen would provide a soft zone for the nerves to complete their 

regeneration attempt.  

To create an amputation model in animals, we chose the Tibial 

Nerve Transition (TNT) model51.   This is a well-categorized model that 

was developed at Johns Hopkins Hospital for studying amputation 

neuromas without creating an amputation51.  The experimental groups are 

as follows:  

1. Exposed TNT Neuroma (negative control) (n=5) 

(hypothesized to exhibit the most pain) 

2. TNT neuroma in hollow conduit (n=6) (hypothesized to have 

less pain than the exposed neuroma group) 

3. TNT neuroma in a multi-luminal gel-gradient conduit (n=6) 

(hypothesized to have the least pain of the experimental 

groups) 

The main parameter this experimented tested was mechanically 

induced neuroma pain.  Using well-studied Von Frey filaments and the 

pain scale developed at Johns Hopkins Hospital we conducted our 

experiments on Lewis rats. 
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Materials & Methods 

Animal Model 

17 Lewis rats were used to begin this experiment.  They were the 

same sex (female), weight, and age.  Animals received no noxious 

stimulus before their surgery. 

Multi-Luminal Gel-Gradient Conduit Construction 

All of the same materials used to make the BNI conduits were used 

to make the conduits for this experiment; with the sole exception that 

super-glue (Fisher Scientific, Inc.) was included to cap the distal end of the 

conduit.  All of the temperature and cleaning preparations taken for BNI 

fabrication were repeated for neuroma conduits.  The order of fabrication 

is as follows: 

1. All materials were assembled and disinfected in a BSL-2 

hood. 

2. Polyurethane tubing (MRE-095; Braintree Scientific, Inc.) 

was cut to length (1.5 cm) and not perforated like in the BNI 

fabrication. 

3. Two agarose solutions were prepared (1.5% and 3.0%). 

4. The distal end of the conduit was filled with 3.0% agarose 

until approximately 1/3 of the volume was occupied.   

5. The agarose was allowed to gel and become solid. 
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6. The 1.5% agarose solution was injected proximally to the 

3.0% agarose and 250 µm needles (n=3) were positioned in 

the cooling agarose.  A 3 mm void was left in the proximal 

end of the conduit for tibial nerve insertion.   

7. The needles were removed once the agarose gelled. 

8. The distal end of the conduit was sealed with a thin layer of 

super glue.   

9. The completed conduit was placed in 1x PBS.  The full 

design can be seen in Figure 2-1: 

 

Figure 2-1: Multi-luminal gel-gradient conduit design. 
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Figure 2-2: Stitched image of multi-luminal neuroma conduit before 

implantation. 
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TNT Surgery 

Lewis rats (LR) were fitted with an isoflurane breathing mask and 

provided 1.5% isoflurane in the oxygen supply during all surgical 

procedures or injections.  The left thigh from knee to spine was shaved 

and cleaned with 70% ethanol and povidone-iodine.  An incision line was 

traced from just caudal to the femur head to the head of the knee.  A 

scalpel was used to cut the skin and expose the underlying muscle.  

Cutting the fascia overlying the sciatic nerve split the muscles and they 

were held open by retractor. The sciatic nerve was exposed from the 

sciatic notch to the middle of the femur.  This long exposure is essential to 

separate the peroneal (smaller) from the tibial nerve (larger) in the sciatic 

bundle.  The tibial nerve must be separated from the peroneal by cutting 

the fascia with micro-scissors and then gently spreading apart with #5 

Dumont tweezers.  After complete exposure and separation, the tibial was 

transected with micro-scissors to create an approximately 2 cm segment.  

This section of tibial nerve was brought to the top of the quadriceps 

muscle and fixed in place by suture.  This completes the surgery for the 

TNT neuroma, but additional steps were necessary to fix the hollow, and 

multi-luminal conduits.  The conduits gently placed in the surgical area 

and then moved into place with tweezers.  The proximal end 

(approximately 3 mm of nervous tissue) of the tibial nerve is gently placed 
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into the conduit and sutured in place with 10-0 nylon sutures. The 

epineurium is sutured to the BNI tubing with minimal damage to the 

underlying nerve structure.  The distal ends of the conduits were then 

fixed to the muscle to prevent movement.  The location of the neuroma or 

conduit was demarcated on the skin by permanent marker and surgical 

staple.  The muscles are closed with 3-0 chromic sutures (the tibial nerve 

projects through the suture line) and the skin is stapled and coated with 

antibiotic ointment.  The animal is removed from the isoflurane.   

Post-operative care.  The animals received sustained-release 

buprenorophine (1 mg/kg) every 3 days subcutaneously for one week. 

Behavioral Assays 

Von frey filament mechanical assay.  Von Frey filaments are 

flexible needles designed to deliver a certain force to the skin before 

bending.  In this experiment 300 g filaments were used (Ugo Basile, Inc.).  

Each animal had the neuroma site marked from surgery, and a brief shave 

revealed the area quickly.  Each animal was coded by a research 

assistant, and then given to the research tester (tester was blind to the 

experimental group of the animal.  The tester would apply the Von Frey 

filament to the neuroma site 10 times and score each application: 0-no 

response, 1-withdrawal, 2-quick withdrawal, shaking, licking, or audible 

squeal.  The same process was completed on the contralateral side. 
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Tissue Fixation 

Animals were euthanized with Euthosol (87 mg/kg) through a 

peritoneal injection.  Once the animal was non-responsive, the animal was 

opened just below the sternum, and then the diaphragm was separated 

from the rib cage.  This exposed the heart, to insert a large diameter 

cannula into to left ventricle all the way to the aorta.  A 0.9% NaCl (Sigma) 

solution was pumped by peristaltic pump.  The right atrium is cut to allow 

sufficient blood drainage.  After 100 ml of the salt solution has perfused 

through the animal, a 4% paraformaldehyde (Sigma) was injected through 

the same system.  Once the animal was fixed, the neuroma bulb, hollow 

conduit, or multi-luminal conduit was removed.  In addition to the neuroma 

bulb, spinal cord sections (L 3-5) were taken.  The samples were placed in 

a cold 4% PFA solution overnight, and then transferred to a 1xPBS 

solution and stored at 4 C. 

Statistics 

In addition to the previously used statistical methods, an additional 

set of methods was used specifically for this experiment.  The scoring 

system for animal behavior necessitated a more advanced statistical 

method.  Dr. Shan Sun-Mitchell, PhD assisted in the creation of a 

statistical method to better analyze experimental groups when using a 

scoring system. The scores for each trial were summed by animal and by 
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animal group, and then entered into a non-parametric statistical test in 

SAS 9.0 (SAS Institute, Inc.) 34, 35.  Subtracting the score of the 

contralateral side trials controlled for variability in animal sensitivity.  The 

recommended non-parametric test was the Wilcoxon Rank-Sum Test.  An 

example of the coding with comments can be seen below: 

data Von Frey; 

 input trt $ score; 

datalines; 

Data entered by group and by score 

; 

proc sort data = Von Frey; 

run; 

proc print data = Von Frey; 

run; 

proc npar1way wilcoxon data = Von Frey; 

 class trt; var score; 

 Title1 'The Wilcoxon Rank-Sum Test'; 

 Title2 'Cumulative Pain Analysis (3 Trials)'; 

run; 
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Results 

All animals were reactive to mechanical stimuli on their injured side 

in a reproducible manner.  Figure 2-2 demonstrates a representative 

withdrawal sequence of the injured appendage following Von Frey 

application: 

 

Figure 2-3: Stages of Von Frey stimulation withdrawal.  Frame A: Von 

Frey filament contact, Frame B: withdrawal initiation, Frame C: maximum 

withdrawal.  Withdrawal occurs after filament contact.  Total withdrawal 

time: <0.5 seconds. 

The pain score (cumulative pain response of injured side – the cumulative 

pain response of uninjured side) of each animal was combined and 

averaged by group.  This experiment was repeated for four trials yielding a 

significant difference between the experimental groups.  Approximately 

1,360 Von Frey trials were scored.  The group with the most mechanical 

pain was the hollow conduit group, followed by the neuroma group, and 

then finally the multi-luminal conduit group (p<0.05) (Figure 2-3).   
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Figure 2-4: Mechanical pain assessment for three experimental groups.  

Groups are plotted as means with SD, but significance is indicated based 

on the non-parametric Wilcoxon Rank-Sum testing (p<0.05). 

The gross morphology of the explanted conduits was as expected.  

The TNT neuroma control group had large bulbous neuromas.  The hollow 

conduit group had a small amount of tissue enter the conduit, but the 

majority of the tissue formed a bulb at the proximal end of the implant.  

The multi-luminal conduit showed nervous tissue down the parallel micro-

channels (Figure 2-4) 
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Figure 2-5: An explanted multi-luminal gel-gradient conduit.  Nervous 

tissue is confined to tracks within the conduit (yellow arrows).  

Discussion 

Hollow conduits alone do not provide pain prevention for 

amputation neuromas.  Our results confirm the clinical bias against using 

hollow conduits for neuroma treatment.  Animals had very consistent pain 

displays that could be elicited by a mechanical palpation.  Surprisingly, the 

amount of elicited pain was higher for animals with hollow conduits than 

for animals with an unprotected neuroma.  It is unclear why the hollow 

conduit increased the pain score, but it may have to do with confining the 

neuroma bundle into an even more compact bulb.  Whereas the multi-

channel conduit allows for the neuroma bulb to disperse into channels, the 

hollow conduit may have increased the chance for co-activation of pain 

fibers.   

The statistical analysis was designed for this experiment and 

worked to provide clarity to scaled non-parametric data.  Tissue 
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morphology confirmed our hypothesis that peripheral nervous tissue would 

grow in segregated tracts. 

Conclusion 

In conclusion, this work represents a significant improvement in the 

way amputation neuromas can be treated with surgical implants.  We 

designed, built, and tested a novel design (PCT/US14/16801).  We 

provided a clear answer that multi-luminal conduits provide a benefit in 

limiting induced-mechanical pain in neuromas. 
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Chapter 3  

Investigations Into Radio-Frequency Induced Neuropathic Pain 

Introduction 

Neuropathic Pain 

Neuropathic pain is characterized by pain that develops following 

nerve injury15, 54-59.  The nerve injury is an initial source of pain, but a 

number of changes to the nerve following injury lead to neuropathic pain15, 

60-63.  As was mention in Chapter 1, recruited macrophages and reactive 

Schwann cells produce cytokines that increase inflammation15, 61.  This 

chronic inflammation state causes Schwann cells to proliferate producing 

more reactive cells15, 61, 62.  Sodium (Na), Potassium (K), and Calcium (Ca) 

channels have different expression levels and excitability from normal 

nerve tissue15, 61.  Nav1.3 has increased expression, and increased 

excitability leading to a lower threshold for activation15, 60, 61.  Other sodium 

channels (Nav1.1, Nav1.2, Nav1.6, Nav1.7, Nav1.8, Nav1.9) are associated 

with neuropathic pain development15, 60, 61.  Kv1.1 is up-regulated and has 

an unusual distribution along the nerve tract in neuromas15, 60, 61.  Ion 

channel expression changes have different effects for motor and sensory 

fibers – motor fibers are generally less excitable, and sensory neurons are 

generally more excitable following injury15, 60, 61.  As an example, 

nociceptive fibers become increasingly sensitive to temperature changes 
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following nerve injury61, 63.  When animals were subjected to noxious 

thermal stimuli the withdrawal threshold was lowered by almost 4 C in 

injured animals61-63.  This increased thermal sensitivity is matched by 

increased chemo-sensitivity (Bradykinin, adrenalin, etc.) 61-63.  The induced 

neural plasticity in the damaged peripheral nerve and subsequent 

changes in the central nervous system are the key changes that cause 

neuropathic pain15, 54, 57, 59, 61-66. 

Clinical Presentation 

During experiments to test the benefit of surgical conduits for 

treating mechanical neuroma pain, a patient that suffered from amputation 

neuroma pain met with members of the Regenerative Neurobiology Lab.  

During his service in the Iraq, this patient was severely injured by an 

improvised explosive device.  Surgeons repaired large sections of his 

body, but the patient’s left arm was detached and unable to be reattached.  

Unfortunately the patient’s amputated arm developed painful neuromas.  

Surgeons attempted to remove the neuroma bulb to decrease pain levels, 

but in over 20 operations there was no relief from neuropathic pain.  Pain 

was induced from a number of noxious stimuli: mechanical, thermal, and 

general stress.  Surprisingly, the patient had observed in a systematic 

manner that his neuromas felt more painful when he travelled close to cell 

phone towers.  The emission spectrum from cell phone towers occupies a 
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number of frequency ranges, but one of them is 915 megahertz (MHz).  

This is also the frequency range used to power radio-frequency 

identification (RFID) devices.  The power output from cell phone towers 

can be measured in a number of units, and reflects the power emanated 

by all emission spectra.  For the purposes of our work, power will be 

measured in milli-watts per square meter (mW/m2).  With these 

parameters established and a clear clinical mandate, we set about to 

investigate if neuroma pain could be elicited by radio-frequency (RF) 

signals. 

Electromagnetic Field (EMF) Effects 

There have been a considerable number of studies looking at the 

effects of electromagnetic fields (EMF) on cells67-71.  Electromagentic 

fields can be static (sometimes referred to as DC fields) or alternating 

(referred to as AC).  This distinction is important as DC fields move ions in 

one direction with an applied voltage, and AC fields cause repeated 

vibrations as particles are pulled back and forth by the changing polarity of 

the field71.  A 915 MHz electromagnetic wave is considered a very high-

frequency (Radio Frequency – RF), microwave and generates a very 

quick alternating field inducing vibrations in ions in solution70, 71.  The EMF 

effect is primarily based on:  

1. The type of field (static or alternating) 
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2. The frequency of the wave if alternating. 

3. The power of the field (energy/area) 

It has been demonstrated that RF can induce transcriptional, translation, 

and other cellular activity (e.g. calcium influx), but a clear demonstration of 

RF induced pain has not been systematically confirmed70, 71. 

Pilot Experiments 

With the 17 Lewis rats tested in Chapter 2 of this work, we 

conducted pilot RF experiments.  A number of different experimental 

parameters were tried to optimize methods for larger experimental trials, 

but briefly: RFID antennas capable of putting out 800 mW/m2 power at 915 

MHz were used on animals with peripheral nerve damage (TNT surgery 

axotomy).  Animals reacted when the antennas were turned on with 

characteristic pain behaviors (withdrawal, licking, stretching/shaking).  

Although this behavior was reproducible, and was gathered in multiple 

trials over months of recording, we agreed that a repeat experiment just to 

test the RF phenomenon was in order.  New nociceptive assays, new 

animal models, additional controls, and clear RF testing parameters were 

optimized with animals before executing a large study.  From our pilot 

experiments, across months of testing, we were confident that RF 

exposure resulted in neuroma pain.   



 

 70 

In Vivo Experiments 

Experimental Design 

In 2012 a research team in Japan developed a transgenic Wistar 

rat that expressed the optogenetic protein channelrhodopsin-2 (ChR2) 

driven by the Thy-1.2 promoter72.  ChR2 responds to blue light by 

conforming to a pore that allows sodium ions to flow through73-76.  The 

Thy-1.2 promoter sequence is associated with mechanoreceptive fibers in 

the peripheral nervous system72.  Histological confirmation of ChR2 

expression was performed using Venus-4 (a modified yellow fluorescent 

protein) revealed that ChR2 was largely confined to mechanoreceptive (in 

nerve endings i.e. Merkel cells and Meissner’s corpuscles) and not 

nociceptive fibers72.  This meant that the mechanoreceptive fibers in these 

animals would react to blue light as if they were being touched.  These 

animals were requested and shipped from Japan to begin experimental 

work.  20 female rats were selected of similar weight and age.  All were 

similarly reactive to blue (473 nm) laser light (20 mW).  The animals were 

divided into the following groups for an initial TNT surgery: 

1. Sham surgery (animals were opened, but no nerve damage 

occurred) (n=4) 

2. TNT Neuroma (animals were given a TNT neuroma as was 

previously described) (n=16) 
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Blinded researchers tested the animals with the following nociceptive 

assays (additional details in methods section): 

1. Radio-Frequency (RF) – 915 MHz at an approximate power of 700 

mW/m2  

2. Thermal – skin temperature was raised approximately 4 C by using 

a heat lamp 

3. Von Frey (VF) – a 300 gram filament was used to palpate injured 

and uninjured areas 

4. Optogenetic Laser Von Frey (OLVF) – a 20 mW laser was shined 

on the injured and uninjured areas in the same manner as the Von 

Frey testing 

Animals were tested once a week for 4 continuous weeks after surgery.  A 

Lidocaine control experiment was performed on the 5th week.  These 

experiments were meant to test if RF stimulus elicited characteristic pain 

behavior in animals with neuromas.  Our hypothesis was that animals 

without neuromas would show no pain responses, whereas animals with 

neuromas would have consistent pain responses.  The second aspect of 

this initial testing was to identify the other nociceptive assay (thermal, VF, 

or OLVF) was most similar to the RF testing. 

A second set of surgeries was performed to test one additional 

hypothesis. We wanted to examine if the bulb of the neuroma acted as a 
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biological antenna for RF energy.  To test this hypothesis, ½ of the TNT 

neuroma animals had the neuroma bulb removed and the other ½ had a 

sham surgery.  The animals were then immediately retested for 4 weeks. 

Finally, a new experimental apparatus was engineered, built, and 

tested called an RF anxiety chamber.  The two-chambered apparatus had 

a full RF field in one chamber, and 1/7th the field in the other.  Animals 

were tested for location preference – this experiment was designed to test 

whether neuroma animals and sham animals spent significantly different 

amounts of time in each chamber. 

Materials & Methods 

Radio Frequency Environmental Characterization 

Field measurements were made directly adjacent to cell phone 

antenna towers.  The TM-196 RF three-axis Field Strength Meter 

(Tenmars Electronics Co, LTD) was used to record signal strength.  Signal 

strength was measured north, south, east, and west of the tower at 

various distances.  Both the maximum field power and average power 

were measured (mW/m2). 

In addition to cell phone tower antennas, the RFID antenna used 

for all in vivo and in vitro testing was fully characterized using the same 

field strength meter.  The antenna was a 915 MHz Andrew RFID-900-SC 

antenna.  The power supply for the antenna was an Alien ALR-9900.  The 
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Alien RFID Gateway v2.20.00 software suite controlled the power supply 

and antenna.   

RF Skin Temperature Testing 

Before the first surgery, three rats were randomly selected to 

undergo a brief experiment with RF exposure.  Each was shaved to the 

skin on the section of skin to be operated on.  A black reference point was 

added with a permanent marker.  The animal was allowed to move freely 

in a clear plastic cage, and the RF antenna was placed overhead.  A laser 

thermometer was used to record skin temperatures every minute for 10 

minutes of baseline, 10 minutes of RF stimulus, and 10 minutes of 

recovery.  This was repeated for three complete trials for a total of 270 

temperature recordings. 

Laser & Optogenetic Animals 

20 female transgenic Wistar rats were selected of similar age and 

weight.  Each was tested with a 20 mW 473 nm blue light laser to confirm 

the mechanoreceptive response.  All 20 animals responded to blue light 

on their feet with a withdrawal and all 20 had minimal responses to blue 

light on the surgical area above the thigh.  Laser power was measured by 

a Thor light meter (Thor Labs, Inc.).  
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Surgery 

The same TNT neuroma surgery was performed with only a slight 

modification to the site of neuroma attachment.  The nerve stump was 

attached slightly higher on the muscle (closer to the sciatic notch).  This 

modification was made to avoid palpating the knee repeatedly.  The 

animals were given one week to recover before nociceptive testing began. 

During the 5th trial, as a control, Lidocaine was administered by 

direct injection into the neuroma site (0.1ml of 2% Lidocaine).  Animals 

were tested in the normal manner following this injection, and after the 

animal was fully alert.   

RF Assay 

The RF antenna was fixed 10 in. above the animals, which were 

confined within a clear acrylic tub.  Each animal was recorded minute by 

minute a blinded researcher who was unaware of the experimental group 

of the animal in question.  The observation sequence was for 2 minutes of 

baseline testing, then 10 minutes of RF stimulation, and then 10 minutes 

of recovery.  The antenna emitted approximately 20 mW/m2 when off and 

750 mW/m2 when on.  The animals were scored as follows for all 

nociceptive assays: 

• 0 = No reaction 

• 1 = Withdrawal 
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• 2 = Shaking, stretching, licking, audible squeal 

If an animal had multiple pain displays within a minute, the score for 

that minute was summed.  This assay was always performed first to avoid 

a lingering pain effect from other assays. 

Thermal Nociception Assay 

Animals were introduced into a clear acrylic box for easy viewing.  

A 100 W heat lamp was placed over the box with ample room for air 

exchange, and was 12 inches over the animal.  Each animal was recorded 

minute by minute a blinded researcher who was unaware of the 

experimental group of the animal in question.  The observation sequence 

was for 2 minutes of baseline testing, then 5 minutes of thermal 

stimulation, and then 5 minutes of recovery.  The animals skin 

temperature was raised approximately C from the baseline temperature 

(depended on the animal’s location in the heating chamber).  The testing 

duration was shortened to avoid excess stress on the animals.   

Von Frey Assay 

The Von Frey assay was performed as was described previously.  

The only exception was that animals were removed from consideration if 

they had more than three reactions when palpated on the uninjured 

contralateral side.   
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OLVF 

The animals were individually placed in a clear acrylic box about 5 

inches tall.  The experiment was performed in the same manner as the 

Von Frey assay only with a 473 nm blue light laser (20 mW).  The 

experimenters wore O.D.3 glasses (Thor Labs, Inc.) for protection.  The 

laser was directed at the marked surgery site 10 times on the injured and 

uninjured side.  All trials were recorded.   

RF Anxiety Chamber 

Following the conclusion of the 9 full nociceptive assay trials (8 

experimental trials, and one Lidocaine control trial), a series of anxiety 

chamber experiments were performed.  The chamber was constructed 

using clear acrylic animal housing material and copper electromagnetic 

shielding mesh.  The copper mesh completely surrounded one of the 

chambers excluding a small opening for a metal tunnel that was built to 

connect the two chambers.  The field power of the RF chamber was 750 

mW/m2.  The field power of the shielded chamber was somewhat variable, 

but approximately 100 mW/m2.  An animal was placed individually into the 

clear RF chamber and after the animal was acclimated to the new 

environment (30 seconds), the animal’s location was recorded for a total 

of 5 minutes (time in RF chamber + time in shielded chamber totaled 5 

minutes).  This experiment was repeated for each animal three times. 
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Results 

Radio Frequency Environmental Characterization 

The RF power emitted by reached a maximum of 769.20 mW/m2 at 

close range to the cell phone tower (Figure 3-1).  There is a significant 

range of power output based on direction and distance.   

 

Figure 3-1: Cell phone tower used for RF environmental characterization. 

To show the variation in output, the maximum power output was 

compared at various distances from the antenna (Figure 3-2): 
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Figure 3-2: RF power output as it relates to distance from the antenna. 

RF Skin Temperature Testing 

The skin temperature testing indicates that RF stimulus elicited 

transient, but significant, temperature changes.  The mean skin 

temperature recorded prior to stimulus was 31.28 (SD=1.794).  The mean 

skin temperature increased to 32.97 (SD=3.891) during RF stimulus.  The 

mean skin temperature in the recovery period decreased to 30.64 

(SD=1.965).  The large standard deviation of the skin temperature during 

RF stimulus suggests that some readings were skewed during some 

intervals, and equal standard deviations could not be assumed for 

statistical analysis.  The D’Agostino-Pearson Omnibus Normality test was 

performed on each recording period.  The RF stimulus period was not 
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normally distributed (K2=36.82, p<0.0001; Skewness=1.554; 

Kurtosis=3.736) whereas the pre-stimulus and post-stimulus recordings 

had normal distributions. 

To further analyze the RF stimulus temperature values, a ROUT 

outlier method was used with a Q equal to 1%.  This analysis was 

selected to identify as many outliers as possible, rather than an individual 

outlier.  Only the RF ON trial had outliers (3 outliers in 270 readings).  

These temperature values were all significantly higher than the mean and 

were removed from analysis.  A one-way ANOVA was performed on the 

three experimental conditions even though one of the groups was non-

normally distributed.  A highly significant difference was observed 

(p<0.0001), so a multiple comparisons Tukey’s test was performed.  The 

baseline temperatures and RF stimulus temperatures were highly 

significantly different (p=0.0013) as were the RF stimulus temperatures to 

the recovery period temperatures (p<0.0001)  
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Figure 3-3: Skin temperatures during RF stimulus.  Each experimental 

period is 90 recordings (one-way ANOVA with multiple comparison 

Tukey’s test; p<0.0001). 

Another way of presenting the above temperature differences is by 

a minute-by-minute analysis.   
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Figure 3-4: Skin temperature values for each minute of baseline, RF-

stimulus, and recovery periods.  Each point represents the average of 9 

values and the standard error of the mean is added for each point.   

RF Assay 

Neuroma animals were reactive to RF exposure (Figure 3-5). 
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Figure 3-5: Top: Stages of RF stimulation withdrawal.  Frame A: relaxed, 

Frame B: withdrawal initiated, Frame C: withdrawal maximum.  Withdrawal 

occurs less than 10 seconds after initiating RF stimulation, only in limb 

with neuroma.  Total withdrawal time: <0.20 seconds.  Middle: Stages of 

RF stimulation stretching.  Frame A: relaxed state, Frame B: stretch 

initiation, Frame C: stretching maximum.  Stretching occurs while 

stimulation is on, only in limb with neuroma.  Total stretching time: 

approximately 5 seconds.  Bottom: Stages of RF stimulation licking.  

Frame A: relaxed state, Frame B: licking initiation, Frame C: licking.  

Licking occurs while stimulation is on, only in limb with neuroma.  Total 

licking time: approximately 15 seconds. 

Sham animals showed nearly no reaction to RF stimulus.  This indicates 

that an injured nerve is necessary for reacting to RF stimulus.  There was 

a general increase in number of pain responses for each animal during RF 

stimulus (pain score) across the 4 weeks of testing Figure 3-6: 
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Figure 3-6: RF stimulus pain responses.  Each animal is plotted with group 

means.  TNT-Neuroma responses significantly different from sham animal 

responses (p<0.05). 

The pain responses of TNT-Neuroma animals were compared to 

those of the sham animals by a two-tailed, non-parametric, Mann-Whitney 

test (p=0.0159).  TNT-Neuroma animals have significantly higher 

responses to RF stimulus compared to the sham animals.  Furthermore, 

the responses of TNT-Neuroma animals were compared when Lidocaine 

was administered and when Lidocaine was absent.  Again, a two-tailed, 

non-parametric, Mann-Whitney test was performed (p=0.0026) yielding a 

significant difference between the two experimental groups.  This indicates 
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that Lidocaine is an effective control for RF-induced neuroma pain (Figure 

3-7). 

 

Figure 3-7: A comparison of pain responses of TNT-neuroma animals 

undergoing RF-stimulus with and without Lidocaine (Mann-Whitney; 

p=0.0026; significant difference). 

After the animals underwent a second surgery, ½ of the TNT-Neuroma 

animals had the neuroma bulb disconnected (TNT-BD) and ½ had a sham 

surgery (TNT-SHAM).  The original sham animals had a second sham 

surgery (SHAM-SHAM).  No SHAM-SHAM animals showed any indication 
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of RF-stimulus pain across an additional 4 weeks of testing.  The TNT-BD 

and TNT-SHAM animals showed significantly higher pain responses to 

RF-stimulus (non-parametric, Kruskal-Wallis test, p=0.0019).  There was a 

small increase in pain response over time.  Pain responses to RF-stimulus 

were compared between the TNT-BD and TNT-SHAM groups by the two-

tailed, non-parametric, Mann-Whitney test yielding a non-significant 

difference (p=0.2).  The results are plotted in Figure 3-8: 

 

Figure 3-8: RF-stimulus pain responses.  Significantly different responses 

were recorded for animals with and without nerve injury (SHAM-SHAM vs. 

TNT-SHAM + TNT-BD), but no significant was observed between groups 

with nerve injury (TNT-SHAM vs. TNT-BD) 

A cumulative graph of pain responses (Figure 3-9) shows that pain 

responses are similar both prior to and post bulb disconnection surgery. 
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Figure 3-9: All RF-stimulus pain responses from animals across 9 trials. 

Thermal Nociception Assay 

Animals had a skin temperature rise of approximately 6 C when the 

heating bulb was on.  This however was highly variable.  A one-way 

ANOVA of skin surface temperatures determined that the skin 

temperature changes significantly from Baseline to heating Bulb-ON to the 

Recovery period (p<0.0001).  The Baseline temperature and Recovery 

skin temperatures were non-significantly different (p=0.7181) indicating 

that the testing protocol was administered properly (Figure 3-10): 
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Figure 3-10: The changes in skin temperature when the heating bulb was 

on or off (one-way ANOVA with multiple comparisons Tukey’s test; 

p<0.0001) 

Animals with TNT-Neuromas showed clear pain behavior when stimulated 

by noxious thermal energy.  Sham animals had no responses to noxious 

thermal stimulation.  The response to thermal stimulus for Sham animals 

and TNT-Neuroma animals was compared by the two-tailed, non-

parametric Mann-Whitney test and yielded a significant difference 

between the groups (p=0.0079) (Figure 3-11).   
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Figure 3-11: Pain responses of Sham and TNT-Neuroma animals were 

significantly different (p=0.0079) 

Furthermore, the responses of TNT-Neuroma animals were compared 

when Lidocaine was administered and when Lidocaine was absent.  

Again, a two-tailed, non-parametric, Mann-Whitney test was performed 

(p=0.4958) yielding a non-significant difference between the two 

experimental groups.  This indicates that Lidocaine is not an effective 

control for temperature-induced (~Δ6 C) neuroma pain (Figure 3-12). 
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Figure 3-12: A comparison of pain responses of TNT-neuroma animals 

undergoing thermal-stimulus with and without Lidocaine (Mann-Whitney; 

p=0.4958; non-significant difference). 

The animals underwent a second surgery, ½ of the TNT-Neuroma animals 

had the neuroma bulb disconnected (TNT-BD) and ½ had a sham surgery 

(TNT-SHAM).  The original sham animals had a second sham surgery 

(SHAM-SHAM).  No SHAM-SHAM animals showed any indication of 

thermal stimulus pain across an additional 4 weeks of testing.  The TNT-

BD and TNT-SHAM animals showed significantly higher pain responses to 
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thermal stimulus (non-parametric, Kruskal-Wallis test, p=0.0116).  There 

was a small increase in pain response over time.  Pain responses to RF-

stimulus were compared between the TNT-BD and TNT-SHAM groups by 

the two-tailed, non-parametric, Mann-Whitney test yielding a non-

significant difference (p=0.826).  The results are plotted in Figure 3-13: 

 

Figure 3-13: Thermal pain responses post bulb disconnection.  

Significantly different responses were recorded for animals with and 

without nerve injury (SHAM-SHAM vs. TNT-SHAM + TNT-BD), but no 

significant was observed between groups with nerve injury (TNT-SHAM 

vs. TNT-BD) 
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A cumulative graph of pain responses (Figure 3-14) shows that pain 

responses to thermal energy are similar both prior to and post bulb 

disconnection surgery. 

 

Figure 3-14: All responses to thermal stimulus across 9 trials.   

Von Frey Assay 

Animals that had TNT-neuromas responded to the Von Frey 

palpation assay significantly differently from those that received a sham 

surgery.  By the third week of testing sham animals showed no 

nociceptive responses to mechanical palpation (Figure 3-15): 
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Figure 3-15: Pain responses to mechanical palpation by week for the 

sham and TNT-neuroma groups.   

When the entire dataset is analyzed the groups are non-significantly 

different (Mann-Whitney; p=0.243) due to the high pain responses in 

Week 2 of the Sham group.  When the second week is removed from the 

statistical analysis the TNT-Neuroma and Sham animals have significant 

differences in their pain responses (Mann-Whitney; p=0.0286).  Another 

way of presenting this analysis is that the pain responses for the first two 

weeks in sham animals are non-significantly different from TNT-Neuroma 

animals.  Some of the animals in some of the trials were deemed hyper-

reactive, and their scores were removed from analysis (10 of 100 

recordings were removed). 
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The control trial confirmed the clinical observation that Lidocaine is 

able to numb palpation neuroma pain.  Animals with Lidocaine showed 

dramatically lower responses to mechanical palpation.  An unpaired, non-

parametric Mann-Whitney test confirmed that pain was significantly lower 

for animals with Lidocaine (p=0.0041) (Figure 3-16): 

 

Figure 3-16: A comparison of pain responses of TNT-neuroma animals 

undergoing VF stimulus with and without Lidocaine (Mann-Whitney; 

p=0.0041; significant difference). 
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As was described earlier, the TNT-neuroma animals were split into two 

groups (Sham Surgery vs. Bulb Disconnection).  Animals were retested for 

4 additional trials, but many more animals were deemed hyper-reactive 

(31 of 80).  This decision to exclude hyper-reactive animals (those highly 

reactive to palpation of uninjured areas) decreased the likelihood of 

observing significantly different behavior between experimental groups.  A 

Kruskal-Wallis test was performed on the three experimental groups, and 

a significant difference was observed (p=0.0296), but upon further 

analysis using a Dunn’s multiple comparisons test, there was no 

significant difference between any two groups (SHAM-SHAM vs. TNT-

SHAM, p=0.0536; SHAM-SHAM vs. TNT-BD, p=0.1452; TNT-SHAM vs. 

TNT-BD, p>0.999).  These results can be seen in Figure 3-17: 



 

 95 

 

Figure 3-17: The pain responses for Von Frey palpation post bulb 

disconnection surgery.  See above results for statistical analysis. 

All trials are plotted in Figure 3-18 indicating that the average pain 

responses are more variable post bulb connection, and have fewer data 

points due to hyper-reactive animals.  
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Figure 3-18: All pain responses to mechanical palpation by Von Frey 

filament across 9 trials (hyper-reactive animals are not plotted) 

OLVF 

Across all laser stimulations of the neuroma site and the 

contralateral uninjured site, there were no pain responses recorded.  

Animals were still responsive when their hind limbs, fore limbs, ears, or 

nose were bathed in laser light.  Some skin twitching was observed above 

the injury site, but no pain responses. 

To test whether or not the skin was blocking transmission of laser 

light, a TNT-neuroma animal was lightly anaesthetized and the skin was 

opened to expose a bulb.  The animal reacted when light was directed to 
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the intact CPN, but no reaction was observed when the tibial nerve 

neuroma was stimulated with laser light.   

RF Anxiety Chamber 

Animals with a TNT-neuroma were more likely to show a location 

preference for the shielded chamber of the anxiety chamber apparatus. 

There was a 57% increase in the preference for the shielded chamber for 

TNT-neuroma animals (3 trials, 20 animals each trial).  This was a 

consistent observation in three repeated tests.  An unpaired, two-tailed t 

test was performed on the ratio of time spent in the shielded chamber.  

The preference for the shielded chamber was significantly different 

(p=0.0358) between the sham animals and the TNT-neuroma animals 

(Figure 3-19). 
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Figure 3-19: TNT-neuroma animals show an enhanced selection 

preference for the RF-shielded chamber (p=0.0358) 

Discussion 

The in vivo experiments were designed to determine whether or not 

RF-stimulus could elicit characteristic pain responses in animals with 

neuromas.  It is clear from the preliminary study that TNT-neuroma 

animals have increased pain when stimulated with RF energy similar to 

that from a cell phone tower.  It is important to note that animals without 

injured nerves (sham animals) showed extremely few signs of nociception 

during stimulation.  It is reasonable to conclude from the pilot study with 

17 Lewis rats and the recent study with 20 Wistar transgenic rats, that RF-

stimulus is nociceptive – capable of eliciting neuropathic pain. 
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The skin temperature changes that accompany RF stimulus are 

interesting, and may be indicative of stress during RF-stimulus.  Although 

there were a few outlying temperatures during RF-stimulus that were 

exceptionally high, the means were significantly different, but only by a 

few degrees (~1.7 C).  Small temperature differences on the skin directly 

above the TNT-neuroma may be sufficient enough to induce a nociceptive 

response. 

In absolute intensity, wound healing response, and response to 

bulb disconnection, thermal stimulus was more similar to RF-stimulus than 

to Von Frey or OLVF stimulus.  Thermal stimulus was repeatedly elicited 

and had a generally increasing trend.  This newly developed assay was 

thoroughly benchmarked to elicit a reproducible change in skin 

temperature.  The duration of thermal stimulus was necessarily shorter, 

but a few degrees higher than the RF-stimulus.  This begs the obvious 

question: would the cumulative pain response of the thermal trials been 

equal to the pain responses of the RF trial if it had been of equal duration?  

An analysis of the TNT-neuroma animals’ means score for each trial was 

compared to the RF-stimulus and the thermal stimulus.  When the thermal 

means were doubled (to account for the time difference), there appears to 

be no significant difference between thermal and RF-stimulus (Wilcoxon 

matched-pairs signed rank test; p=0.9102) (Figure 3-20).  Furthermore, 
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the weekly trends in pain responses are strikingly similar (Figure 3-21).  A 

linear regression of the average pain scores of RF-stimulus and thermal 

stimulus produces a goodness of fit estimate (R2) of 0.62.  When the 95% 

confidence interval is superimposed on the regression, very few data 

points exceed this threshold indicating highly similar responses (Figure3-

22). 

 

Figure 3-20: Thermal nociception (doubled) and RF nociception mean 

scores for all animals each recording session (9 trials each assay) 
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Figure 3-21: Mean RF nociception and thermal nociception (doubled) 

plotted trial by trial. 
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Figure 3-22: Linear regression of thermal nociception (doubled) vs. RF 

nociception trial means.  95% confidence interval lines calculated and 

simultaneously plotted.   

Von Frey stimulus pain was a confirmation of our earlier work with 

multi-luminal conduits.  In the first two weeks following surgery the sham 

animals had painful responses to mechanical palpation.  By the third week 

post-surgery this response had abated.  It is likely that mechanical pain 

was due to inflammation of the surgery site, and when inflammation 

subsided, so did the response to palpation.  Only animals with TNT-

neuromas had lasting neuropathic pain when mechanically palpated.  The 

general trend in Von Frey pain responses were in a negative direction, 

and were highly variable following bulb disconnection.  This high variability 

is due to the exclusion of a large number of hyper-reactive animals.  It is 

unclear why the animals were hyper-reactive, but is likely because of the 
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repeated surgeries, and repeated noxious assays.  The animals likely 

associated any human handling with painful stimulus. 

The OLVF assay proved to be ineffective at eliciting a nociceptive 

response even as the animals were still reactive in the paws, ears, and 

nose during every trial.  Even when the skin was removed and the TNT-

neuroma was exposed to direct laser stimulation, the lightly anesthetized 

animal did not react.  There may be vast differences in expression of 

ChR2 in mature uninjured nerves and injured nerves that could explain 

this observation.  The lack of response could also be explained by a lack 

of mechanoreceptive fibers within a neuroma bulb.  Mature functions of 

mechanoreceptive fibers are associated with Merkel cells and Meissner’s 

corpuscles, both of which occupy the skin.  It is likely that the high 

concentration of these mechanoreceptive structures in the skin of the 

paws, ears, and nose allowed for laser palpation, and a lack of ectopic 

mechanoreceptive structures in the neuroma bulb made laser palpation 

impossible.  Ectopic mechanoreceptive structures in neuroma bulbs have 

not been reported in the literature and the failure to elicit an optogenetic 

response from a neuroma may suggest that mechanoreceptive fibers do 

not play a significant role in neuroma pain.   

The Lidocaine control trials for RF, thermal, and VF assays showed 

an important distinction.  While the RF and VF trials had nearly no 
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responses when Lidocaine was administered, the thermal trial showed 

more pain responses than would have been expected.  This may suggest 

that neuromas are especially sensitive to thermal noxious stimuli.   

The idea that the neuroma bulb acts as an antenna for RF energy 

does not appear likely.  There was no significant difference between 

animals that had the neuroma bulb removed and those with a TNT-

neuroma bulb intact after a sham surgery.  The lack of significance may 

be explained by a small sample size.  Only eight animals had a bulb 

disconnection surgery and eight had a sham surgery.  Using a statistical 

power calculator (www.powerandsamplesize.com) it is unlikely that we 

would have had a sufficient number of samples for the observed effect 

size.  Based on the recorded mean pain scores between groups: a large 

(40%) difference in means, a large percentage standard deviation (60%) a 

high statistical power (0.90), with an assumed low Type I (false positive) 

error rate (5%), the sample size should have been 48.  This sample size 

could have been achieved with 6 complete trials of the 8 subjects, but may 

inappropriately assess an experimental condition due to the long delay 

from the first trial to the last (assuming weekly trials).  Ideally, more 

animals could have been used in a shorter time frame to confirm the 

existence of an antenna effect, or rule it out. 
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The anxiety chamber test yielded a few important results.  First, 

that there was a significant difference in behavior between TNT-neuroma 

animals in location preference.  Even though the observers were blinded 

to the animal group in the RF, thermal, VF, and OLVF trials, there may be 

some unforeseen bias in the recording.  Additionally, those trials are 

based on scaled data (0, 1, 2) and may lack some sensitivity.  These 

limitations are overcome with the anxiety chamber work, where a large 

effect size was observed, and a highly significant difference was 

measured.  This suggests that the animals are able to sense the field or at 

least the discomfort the field causes their neuroma. 

With these controlled, blinded, and thorough assays complete, it is 

reasonable to conclude that RF-stimulus of 915 MHz of approximately 750 

mW/m2 power can repeatedly induce neuroma pain.  This work was 

initiated to help understand the pain a patient described when travelling 

near cell phone towers.  His hypothesis that RF energy was causing pain 

in his amputation neuromas is likely true.  The most likely mechanism that 

RF energy causes pain is by transient temperature changes, as evidenced 

by the skin temperature experiments, and the thermal stimulus nociceptive 

assay analysis. 

Work is already underway to provide a shield to amputation 

neuromas from RF stimulus (PCT/US14/16801).  The material selected 
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will likely need to significantly inhibit field power, and additionally thermally 

isolate the neuroma bulb. 

In Vitro Experiments 

Experimental Design 

In concert with the in vivo RF experiments, we hoped to understand 

the effect of RF-stimulus on neuronal cells.  The same RFID antenna 

would be used on cell cultures and various responses (firing rate, number 

of active cells, and calcium influx) would be measured. 

Initially, rat cortical neurons were used on 64-channel multi-

electrode arrays (MEA) designed and optimized by the UNT Center for 

Network Neuroscience (CNNS) lab founded by Dr. Guenter Gross, PhD77-

79.  These well-characterized MEAs were used in a long series of 

experiments in three separate trials at UNT.  The main parameters 

explored in these experiments were the firing rate of mature neural 

networks and the number of active electrodes.  We did not assume an 

increase or decrease in these parameters with RF-stimulus, rather the 

experiments were two-tailed by design. 

In addition to the MEA work, with assistance from the Biophysics 

and Physiology Group at UTA founded by Dr. Samarendra Mohanty, PhD 

and the NeuroEngineering Lab founded by Dr. Young-Tae Kim, PhD we 

performed live-cell fluorescent imaging of Calcium (Ca++) influx during RF-
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stimulus.  Although literature on applied direct-current (DC) voltage fields 

suggested that calcium influx would increase, we were unsure if 

alternating-current (AC) fields would have the same effect69, 70, 80. 

This is an investigation into potential field effects of RF-stimulus on 

electrically active neural cells.  It concludes with some modeling to explain 

the initial observations. 

Materials & Methods 

MEA Experiments 

Extremely thorough protocols are available from the CNNS lab at 

UNT, or from Gopal et al., 201279.  Here, a brief methods overview from 

Gopal et al., 2012 is presented with key aspects highlighted:  In-house 

fabrication and preparation of 64-electrode MEAs, as well as recording 

techniques developed by Dr. Gross were used.  E-17 mice auditory cortex 

neurons were used and cultured in the typical manner of CNNS lab.  The 

cultures used in this set of experiments on the average were over 30 days 

old from the initial culturing date.  During recording, pH and temperature of 

the media was maintained by a stream of 10 ml/minute filtered 10% CO2 

through a gas flow meter (AFC 2600-PRO; Aalborg, Inc.).  Osmolarity was 

maintained at 320 mOsmoles by infusion of sterile water at a 50 ul/hour 

rate to compensate for evaporation.  The housing chamber maintained 

temperature of the recording MEA at 37 C.  Neuronal activity was 
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monitored by a two-stage, 64-channel amplifier system (Plexon, Inc.).  The 

analog signal was digitized at 40,000 Hz using 64 digital signal 

processors.  The system amplified an initial signal by 10,000.  Action 

potentials were classified by a spike-identification, real-time, template-

matching algorithm (Plexon, Inc.).  Cumulative network activity was 

processed by CNNS proprietary software to produce action potential firing 

rate (action potentials per minute), and the number of active channels (out 

of 64 channels).  MEAs were selected for recoding, by examining the 

health of the culture under bright-field imaging, and then recoding was 

initiated.  A baseline period was recorded, then a RF-stimulation period, 

then a recovery period. 

Calcium Imaging 

Pregnant Lewis rats with day 18 embryos were sacrificed to 

collected cortical tissue.  The uterus was opened to reveal the embryo and 

then dissection began.  The head was separated, and then the unformed 

skin, skull, and meninges were removed along with the cerebellum, 

olfactory bulb, and midbrain.  The remaining cortical tissue was minced 

and placed in a tube with ice-cold L-15 medium (Invitrogen, Inc.).  0.025% 

Trypsin (Sigma, Inc.) was added to digest the intercellular bonds.  The 

solution was placed in a 37 C incubation bath for 20 minutes.  After 

digestion, 0.5 ml of SBTI (1.5% w/v in 1xPBS; Sigma, Inc.) was added to 



 

 109 

the solution to inhibit further digestion.  A pipette was used to dissociate 

the tissue, and then the tissue was centrifuged for 5 minutes at 1200 

RPM.  The supernatant was removed, the pellet was re-suspended in 2 ml 

of NBM w/ B-27 and penicillin and streptomycin (Sigma, Inc; Invitrogen, 

Inc.).   The media was refreshed every 3 days.  Prior to imaging, cell 

media was refreshed with addition of 2-5 μM Fura-2 Calcium dye (Life 

Technologies, Inc.).  The solution was incubated for 15 minutes with the 

cells, and then the media was removed and replaced with low-

fluorescence media (BrainBits, LLC).  Two imaging systems were used.  

The Nikon A1R+/A1+ confocal microscope system (Nikon, Inc.) was used 

for high sampling rate imaging.  This high sampling rate allowed for signal 

averaging to limit background fluorescence.  In addition, the Nikon Eclipse 

Ti was used to image at a lower frame rate, longer exposure, and without 

a confocal system.  Cells were selected for imaging, by looking for healthy 

cells under bright-field imaging, and then fluorescence was initiated.  A 

baseline period was recorded (typically 2-5 minutes), then a RF-

stimulation period (typically 4-6 minutes), then a recovery period (typically 

4-6 minutes).  Image processing was completed with either the proprietary 

Nikon software with the assistance of Nikon personnel, or with FIJI (an 

enhanced version of ImageJ; NIH) to measure fluorescent intensity (either 

mean or integrated density).  Typically, 2 experimental ROIs were added 
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to healthy cells, and 1 reference ROI was added to a debris free region of 

the culture.  All ROIs were the same size (unless reported otherwise) 

within each trial. 

Radio Frequency 

The same RFID antenna and field meter used for all in vivo RF 

experiments was used for in vitro trials.  The antenna was typically rested 

on the top of the microscope after focusing and setting up the experiment.  

The field was measured directly above the culture.  The microscope did 

interfere with the RF power in some trials, but great care was taken to 

ensure the power at the culture never fell below 550 mW/m2. 

Field Modeling 

To determine effect of AC fields on ions, a model was constructed 

to examine if a Calcium ion (Ca++) would be pulled across a cell 

membrane (5 nm) by the field.  Since the field is alternating the maximum 

voltage changes polarity with respect to an ion within the period (T) of one 

wave.  To properly calculate the acceleration of the ion, the field dynamics 

of ½ a period should be modeled, because the second ½ of the period will 

pull the ion in the exact opposite direction.  Impeding the direction of the 

ion will be fluid drag resistance.  This was taken into account.  The 

derivation of the first-order linear non-homogeneous differential equation 

is below (with all constants or variables used): 
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Equation 1: Derivation of the first-order linear non-homogeneous 

differential equation to solve for calcium ion velocity vs. time in water at 37 

C.  

 

This equation was solved in MATLAB using the ODE-45 solver 

function.  The code for this equation can be seen below: 

function dv=ben(t,v); 

dv=zeros(1,1); 

eta=0.6532; 

r=114e-12; 

q=2*1.6e-19; 



 

 112 

m=40*1.66e-27; 

Eo=18*sqrt(2); 

f=915e6; 

w=2*pi*f; 

dv=-6/m*pi*eta*r*v+q/m*Eo*sin(w*t); 

%-6*pi*eta*r*v 

End 

 

 

% Ben Dissertation  

close all 

  

eta=0.6532; 

r=114e-12; 

q=2*1.6e-19; 

m=40*1.66e-27; 

Eo=18*sqrt(2); 

f=915e6; 

t1=0; 

t2=1/(2*f); 

[T,V ]=ode23t(@ben,[t1 t2] ,[0]) 
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plot(T,V) 

xlabel('Time(s)'); 

ylabel('Velocity(m/s)') 

This program solves and plots the velocity against time of Ca++ for the 

length of ½ a period of 915 MHz (5.464481x10-10 seconds). This 

calculated time was multiplied by the maximum velocity achieved during 

one phase of the field to determine the maximum theoretical distance a 

particle could travel.  This was a conservative approach to determine if the 

field would be able to move the ion across a membrane.   

Results 

MEA Experiments 

Over 9 trials were attempted (approximately 12 hours of 64-channel 

MEA recordings were analyzed).  Whenever the antenna was on, the 

signal noise generated obscured any cellular activity, so the only 

parameters that could be observed were spike rate and active channel 

changes before and after stimulus.  In general, cells showed little 

response after RF-stimulus.  As can be seen from Figure 3-23, spike rate 

and active channels remain very consistent event after 3 hours of RF -

stimulus trials. 
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Figure 3-23: Annotated screenshot of MEA activity (firing rate & active 

channels).  Recording sequence is 3 hours. 

Additional details for each recording period annotated in Figure 3-

23 are below: 

1. 15 minutes: this baseline period has some active channel variability 

(~20 of 64 channels are active), but little spike rate variability (~200 

spikes/minute).   

2. 10 minutes: the recording equipment was turned off because only 

noise is recorded when RF-stimulus is on. 

3. 10 mintues: this recording period had very similar firing rates and 

active channels to period 1 
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4. 10 minutes: a repeat of period 2 (RF-stimulus) 

5. 10 minutes: a repeat of period 3, showing nearly identical firing 

rates and active channels to period 3.   

6. 10 minutes: a repeat of period 2 and 4 (RF-stimulus).   

7. 10 minutes: a repeat of period 3 and 5.  Again, nearly identical firing 

rates and active channels are observed. 

8. 90 minutes of RF-stimulus with the recording equipment recording 

noise.  This extended period of recording was performed to see if 

RF-stimulus duration was significantly harmful.  The recording 

equipment was left on to test a unrelated aspect of the system.   

9. 15 minutes: a repeat of period 1.  Only slight decreases in firing 

rate were observed (<10%).  Little difference in active channels was 

again observed. 

Calcium Imaging 

Following the MEA experiments, extended trials performed using 

fluorescent microscopy to examine Ca++ influx.  19 trials of approximately 

3 hours of recording were performed using standard fluorescent 

microscopy (approximately 24,000 fluorescent intensity measurements 

analyzed).  Images were taken every 10 seconds (exposure time 500 ms).  

Images were taken at this rate to limit fluorophore bleaching and cell 

damage.  This also drastically limited the chances of observing significant 
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calcium influx.  Nonetheless, some trials showed clear changes in 

fluorescent intensity, but a majority did not.  Figure 3-24 shows a later trial 

after fully optimizing the concentration of calcium dye: 

 
Figure 3-24: Two experimental ROIs are added to a 12-minute recording 

sequence.  2 minutes of baseline, then 6 minutes of RF-stimulus, then 4 

minutes of recovery (Each frame is 10 seconds apart).  A horizontal 

regression line was plotted to analyze the intensity of each recording 

sequence.  Above each recording sequence is a screenshot with the ROIs 

analyzed (exposure of the image does not reflect or effect ROI intensity 

measurements). 
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To analyze the data above, 4 data points where the stage drifted were 

removed.  Each ROI intensity plot was analyzed by horizontal nonlinear 

regression to identify Runs (extended periods above and below).  This 

analysis was appropriate to conduct because of the nearly horizontal 

REFERENCE ROI.  A baseline variance in intensity of the whole field 

might obscure the relative intensity changes of the EXPERIMENTAL ROIs 

(many trials had drifting baseline intensity likely due to stage drift or 

fluorophore bleaching).  The regression analysis allows for the calculation 

of the residuals of the time series (the differences of each data point from 

the observable sample mean), and a clearer understanding of how much 

deviation there was in each data series relative to each other. Figure 3-25 

is a plot of the residuals from the nonlinear fit of the same trial. 
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Figure 3-25: A corresponding nonlinear residuals plot of Figure 3-24.  The 

first 12 frames (baseline sequence – RF OFF) have low signal intensity 

change fro the Reference ROI.  Frames 13-48 (RF ON) show large 

residuals above the mean intensity.  Frames 49-72 (recovery) show 

residuals increasing in the negative direction rapidly following RF stimulus.   

The nonlinear regression RUNS analysis of ROI 1 and ROI 2 for the entire 

trial can be seen in TABLE 1. 

Table 1: The RUNS Test results for ROI1 and ROI 2 from the nonlinear 

regression residuals. 

RUNS TEST   
Points above curve 32 45 
Points below curve 37 24 
Number of runs 8 8 
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P value (runs test) <0.0001 <0.0001 
Deviation from Model Significant Significant 
 

From the analysis of 10 second interval 500 ms exposure imaging, it was 

clear that many of the intensity changes that might reflect cell activity were 

happening on shorter time-scales, and that more advanced image 

processing might solve this limitation. 

The Nikon A1R+/A1+ confocal microscope system was exactly the 

type of system required for both advanced imaging, but also advanced 

ROI intensity measurement.  The Biophysics and Physiology Lab at UTA 

was able to get access to this microscope system and a team of Nikon 

imaging experts.  Imaging was done at 30+frames/second by a laser 

scanning method that traced out the field of view rather than inundating 

with diffuse fluorescence.  This produced a very clear view of cells and 

intracellular Ca++ activity.  A number of trials were performed (n=4) with 

RF-stimulus on rat cortical neurons.  The main observation is that RF-

stimulus produces transient cellular activity in some neural cells.  Careful 

baseline and experimental ROI measurements revealed that in most 

instances baseline activity was altered by RF-stimulus.  A particularly well-

executed trial produced the image analysis seen in Figure 3-26. 
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Figure 3-26: Annotated ROI analysis of rat cortical neurons with RF-

stimulus using Nikon A1R+/A1+ confocal microscope system (30 seconds 

of baseline, 4.5 minutes of stimulus, 4 minutes of recovery).   

Figure 3-26 shows the ROI analysis of cortical neurons exposed to RF-

stimulus, below is a full description of the results: 

1. 30 Seconds of Baseline Recording: The RED and BLUE 

lines are inactive sections of the culture and serve as 

baselines, whereas GREEN is an active section of the 

culture.  The baseline intensity of the GREEN ROI is 

approximately 1800 (FITC).   
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2. 4.5 Minutes of RF-Stimulus: The GREEN ROI begins to 

have significant changes in intensity within 10 seconds.  At 

1.5 minutes into stimulus, a peak intensity of approximately 

3750 (FITC) is reached.  This is an almost 110% increase in 

signal.  However, by minute 3.5 into stimulus the signal has 

returned to baseline values. 

3. 4 Minutes of Recovery: Shortly after RF-stimulus is turned 

off, there is again a sharp change in signal intensity to a 

peak of 2750 (FITC).  After 1.5 minutes of recovery, the 

signal has again stabilized around 1800 (FITC). 

Field Modeling 

The acceleration of Ca++ in the field was modeled in MATLAB and 

the velocity vs. time plot is Figure 3-27. 
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Figure 3-27: The velocity vs. time plot of a Ca++ ion in 37 C H20 in a 915 

MHz, 18 V/m field, with a power of 750 mW/m2.   

The main result is that the maximum speed reached is 0.043 m/s.  The 

period of the sinusoidal wave is the inverse of the frequency.  The field 

switches halfway in the period.  This means the total time the field could 

act on Ca++ in one direction is 1/(2f).  This time is 5.464481x10-10 seconds.  

The maximum velocity multiplied by this time gives the maximum distance 

a particle could travel in one phase of the wave (d=vt; 0.043 m/s * 

5.464481x10-10 s = 2.34x10-11 m).  2.34x10-11 meters is 0.4% of the span 

of a typical cell membrane (5 nm).   
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Discussion 

The in vitro RF-stimulus experiments were designed to investigate 

well-characterized cellular activities.  After seeing strong RF-stimulus 

responses during in vivo experiments, there were a number of hypotheses 

why this phenomenon was present.  It was reasonable to think that the RF 

waves themselves could cause ion movement and thus a significant flux of 

ions would lead to action potentials in some neurons.  Through the many 

trials of recording intracellular calcium intensity, it appears that most 

activity is sub-threshold.  There may be significant activity at very short 

time-scales that were unobserved by our detection timeframe.  There is 

support for this inference from the second set of calcium flux experiments 

recorded at 30 frames per second and with more advanced background 

fluorescence management.  There was some confusion as to why a 

calcium ion would not be pulled across a membrane by a high voltage field 

like the one generated by the RFID antenna used.  Other researchers had 

reported intracellular calcium changes when a field was applied, but in 

most of these cases the field was fixed – meaning, the polarity did not 

change over time70.  The 915 MHz field used in these experiments is 

reversing polarity approximately every 5x10-10 seconds.  It took the field 

and fluid resistance modeling to confirm that the field was not oriented in 

one direction long enough to pull an ion across a membrane, but this does 
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not prevent the ions from being vibrated in a confined area.  This vibration 

and a series of other observations lend support to a second explanation 

for RF-stimulus induced neural activity - transient temperature changes. 

The MEA experiments were useful to examine noxious stimuli in an 

extremely regulated experimental setting.  Few systems are as well 

characterized and controlled (temperature, osmolality, electromagnetic 

shielding) as the 64-channel MEAs of the CNNS lab at UNT79.  Years of 

experiments with mature neural cultures have allowed precise 

understanding of how noxious chemicals change firing rates, firing 

patterns, and spike profiles78, 79.  We hypothesized that RF-stimulus would 

have lasting effects on cellular activity in vitro, but in recording sessions of 

up to 1.5 hours of RF-stimulus had negligible effects on firing rate and 

network activity.  One plausible explanation is that most RF-stimulus 

effects are simply very short in duration, and once the stimulus is stopped 

the cells return to normal activity.  Since the RF-stimulus operation caused 

tremendous recording system noise, it is possible that cellular activity 

during RF-stimulus is masked by noise.  Another plausible explanation is 

that the very controlled nature of MEA recording obscured any of the 

changes that occur during in vivo experimentation.  Temperature and 

osmolality were thoroughly controlled in the MEA experiments by cycling 

media through the MEA dish.  It is possible that temperature gradients, ion 
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gradients, or other RF-stimulus phenomena were eliminated by very 

controlled experimental conditions. 

There are some clear improvements that could be made to the in 

vitro experiments.  Live cell imaging of calcium influx appears to be a 

promising direction.  Ideally, a higher sampling rate of the fluorescent 

intensity would provide a clearer answer if RF-stimulus significantly 

changes cellular activity in a reproducible way.  In the future, this effect 

should be fully categorized at different RF-stimulus power, frequency, and 

durations.  Once this effect is categorized at each parameter, if the 

prevailing hypothesis is that transient temperature changes are 

responsible for the effect, then membrane channels responsible for 

sensing temperature (TRPV family) could be blocked81, 82.  If the effect is 

fully eliminated, then temperature change is the most likely reason why 

RF-stimulus produces cellular activity changes. 

Although, MEA studies have many advantages to other assays, the 

difficulty in avoiding signal noise during recording likely rules out the 

usefulness of MEA experiments in the future.  The lack of a clear activity 

change prior to and after the RF-stimulus was applied indicates that only 

tests that can measure while the stimulus is applied are useful.  
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Conclusion 

Studies into thermal sensitivity of injured nerves have concluded 

that nerves are considerably more responsive to noxious thermal stimuli61, 

63.  In some patients, increased sensitivity to previously non-noxious 

stimuli is observed following nerve injury83.  This is referred to as 

hyperalgesia83.  If the initial stimuli is a brushing or stroking of the skin and 

it results in a burning pain then the condition is called allodynia83.  These 

are stimulus evoked pain pathways, but there are also spontaneous pain 

events that characterize post-injury nerve behavior58.  This distinction 

between a spontaneous and elicited pain response presented out patient 

of interest and his physicians an interesting clinical challenge: were the 

careful observations by the patient of cell phone tower proximity and 

neuroma pain levels causal or only correlated?  This was also the 

research question.  Based on the experiments conducted, it is reasonable 

to conclude that RF-stimulus pain manifests itself in a similar frequency 

and intensity to thermal pain.  This was shown with correlation analysis 

from many repeated trials.  What is most interesting is that pain can be 

induced 1-week after a nerve is injured.  The neuroma bulb has had little 

time to develop.  The initial response to Von Frey stimulus is likely due to 

the inflammation at the sore injury site, but why would the damaged nerve 

react to RF-stimulus so soon?  It is likely that ion channel expression has 
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changed significantly as part of the nerve regeneration process60.  

Decreased stimulus thresholds provide an evolutionary advantage for a 

damaged appendage to sense the environment.  Fewer intact nerves 

necessitate that each nerve becomes more sensitive if functionality is to 

be restored.  This response is maladaptive if increased sensitivity results 

in non-noxious stimuli becoming coded as noxious stimuli.  This 

hypothesis explains why repeated injury to nerves sensitizes them for 

neuropathic pain.  So even though the nerve is recently injured, and the 

neuroma is small, the damage to the nerve has likely lead to increased 

sensitivity as part of a maladaptive response during nerve regeneration of 

some nerve fiber sub-types. 

One of the fiber types that our work has likely ruled out is the 

mechanoreceptive fiber.  As was described earlier, the Wistar transgenic 

rats expressed ChR2 in mechanoreceptive fibers that ended in dermal 

touch structures.  The axotomized nerve with no dermis to innervate may 

selectively prune the nerve fibers that are not useful.  Or, put more simply: 

without skin, is it likely that mechanoreceptive fibers would mature to their 

original functionality?  This question remains to be answered fully, but in 

every trial no animal reacted to OLVF in a manner similar to actual Von 

Frey palpation.  And further, when the TNT-neuroma was directly bathed 

in laser light, the animal did not respond.  This finding was surprising, and 
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may be a worthwhile area of study to investigate ectopic 

mechanoreceptive structure formation, optogenetic protein nerve 

distribution prior to and post injury, and mechanoreceptor development. 

Fiber subtypes are an area only briefly investigated in this work, but 

optogenetic and other synthetic biology techniques will be able to 

introduce selectively activated proteins into cells of interest for the careful 

control of various neural lineages.  Recent publications by colleagues 

have reported the development of viral vectors that selectively activate or 

inhibit nociceptive fibers84.  Additionally, the development of Designer 

Receptors Exclusively Activated by Designer Drugs (DREADD) 

technology has eliminated the need for light penetration to elicit cell 

specific activation or inhibition85, 86.  DREADD technology uses synthetic 

G-protein coupled receptors that are activated by typically inert chemicals.  

Most experiments that could be designed for optogenetic testing can be 

designed for DREADD testing.  The advantage of optogenetic probing is 

the enhanced stimulation control, and the advantage of DREADD is the 

ability to control tissue deep within the body without implantation.  These 

tools may provide years of useful mechanism experiments to fully 

characterize neuropathic pain. 

Yet full characterization is not necessarily needed to help patients 

today.  This interesting case of neuroma pain induced by RF-stimulus 
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appears to be likely caused by a heating mechanism of the microwave-

band radio-frequency wave. Transient temperature changes induced by 

RF-stimulus are likely the causative agent in this pain pathway.  The 

patient described an environment where he experiences no neuroma pain 

– deep underwater while SCUBA diving.  There are a few reasons why 

this environment may limit neuroma pain.  High pressure from the 

surrounding fluid and wetsuit would activate Aß fibers that would trigger 

inhibitory interneurons to inhibit signals from nociceptive fibers1, 87.  The 

water would absorb RF waves.  Cool water immersion of the entire 

appendage would lower the temperature of the neuroma slowing 

conduction velocity and decreasing the chances that the bulb would 

exceed a noxious threshold.  To provide a viable clinical solution for 

patients, RF-shielding, temperature control, mechanical isolation, and 

neuroma bulb all likely need to be employed.   

This chapter started with a clinical observation and lead to a long 

series of in vivo experiments in 37 rats.  Five (RF, thermal, OLVF, VF, and 

anxiety chamber) nociceptive assays were developed, built, or optimized 

to characterize this problem, and a likely mechanism emerged from in vivo 

experiments.  Subsequent in vitro testing and field modeling ruled out one 

hypothesis for RF-stimulus induced pain, and suggested a way to confirm 

the transient heat hypothesis by extensive in vitro work.  Lastly, a reason 
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to shield neuromas from RF-stimulus was confirmed and has now 

developed into a patent application.  Hopefully, this will allow for the 

development of surgical products to both impede neuroma development 

and to shield nerves from noxious stimuli. 

 

Dissertation Summary Statement 

Together all data here presented demonstrate the utility of micro-

scale fabrication in surgical conduits, the ability to develop and optimize 

animal behavioral assays to avoid human testing, and the confirmation 

and suitable explanation for an unusual pain pathway by the available 

tools in current bioengineering. 
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Appendix A 

International Patent Application  

PCT/US14/16905 
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Appendix B 

International Patent Application 

PCT/US14/16801 
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DEVICES AND METHODS FOR THE PREVENTION AND TREATMENT OF 
NEUROMAS 

 

CROSS REFERENCE TO RELATED APPLICATION 

[0001]  This application claims priority pursuant to 35 U.S.C. § 119(e) to U.S. 

Provisional Patent Application Ser. No. 61/766,368, filed on February 19, 2013, 

which is hereby incorporated by reference in its entirety. 

  

FIELD 

[0002]  This invention relates to devices and methods for the prevention and 

treatment of neuromas and, in particular, to devices and methods that inhibit 

erratic nerve growth. 

 

BACKGROUND 

[0003]  The number of amputees in the world has risen significantly in recent 

years, with war injuries and dysvascular diseases such as diabetes accounting 

for approximately 90% of all amputee cases.  There are currently about 1.7 

million amputees living in the United States alone, and approximately 135,000 

new amputee patients are discharged annually from hospitals.  Further, it has 

been estimated that there will be a 20% increase in the number of new amputee 

cases per year by 2050. 

[0004]  Unfortunately, due to persistent pain in limb remnants, about 25% of 

amputees are not able to commence rehabilitation, much less resume ordinary 

daily activities.  The cause of such pain can be a neuroma.  One recent study 

reported that 78% of amputees experienced mild to severe pain as a 

consequence of neuroma formation over the 25-year study period, of which 

63% described the pain as constant aching pain.  The pain is also frequently 

described as sharp, shooting, or electrical-like phantom sensations that persist 

for years after surgical amputation.  In addition, patients experience tenderness 
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to palpation of the skin overlying the neuroma, spontaneous burning pain, 

allodynia, and hyperalgesia. 

[0005]  Neuromas are benign tumors that arise from neural tissue and are 

composed of abnormally sprouting axons, Schwann cells, and connective 

tissue.  Even though neuromas can appear following various types of injuries, 

some of the most common and challenging to treat are derived from amputation 

surgeries in which neural tissue is sectioned by retraction axotomy.  The lack of 

organ-target acquisition by the resulting nerve stump results in a subsequent 

cascade of biological events that culminate in the formation of a neural nodule.   

[0006]  To treat patients with painful neuromas, doctors have relied on 

multiple treatment modalities.  However, many existing treatment modalities 

have a high recurrence rate, address the problem only after it has established 

itself in the patient, and/or are not definitive.  A high neuroma recurrence rate 

can lead to repeated surgical resections.  Further, the prevention of neuroma 

formation by some prior methods has also proven unsatisfactory, sometimes 

requiring multiple procedures.  Therefore, there exists a need for improved 

devices and methods for the prevention and treatment of neuromas. 

 

SUMMARY 

[0007]  In one aspect, nerve growth inhibition devices are described herein 

which, in some embodiments, can provide one or more advantages compared 

to some prior devices.  For example, in some embodiments, a device described 

herein can be used to prevent painful neuroma formation, including from the 

first surgery.  For example, devices described herein, in some cases, can be 

used for post-amputation surgery in which it is known that patients will 

otherwise likely develop a neuroma.  It is also possible to use devices described 

herein at the time of the initial surgery in new amputee cases as well as in those 

who have already presented with pain of the nerve stump.  Devices described 

herein, in some embodiments, can treat and/or prevent neuromas by hindering 
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neuroma formation in the peripheral nervous system.   In some cases, a device 

described herein can effectively block the natural progression of abnormal 

nerve sprouting that would otherwise translate into the formation of a painful 

neuroma.  Further, devices described herein, in some instances, can also 

provide analgesia.  For example, in some embodiments, a device described 

herein can provide at least partial analgesia by physically protecting an injured 

nerve from surrounding tissue and/or direct pressure, such as continually 

moving surrounding muscle tissue.  Additionally, in some cases, a device 

described herein can provide at least partial analgesia by protecting an injured 

nerve from environmental electromagnetic radiation such as radio frequency 

(RF) radiation. 

[0008]  A nerve growth inhibition device described herein, in some 

embodiments, comprises a tube having a proximal end and a distal end.  A 

matrix material is disposed in the tube, and the matrix material comprises one 

or more microchannels or lumens.  The proximal end of the tube comprises an 

opening operable to receive nerve tissue, the distal end of the tube is sealed, 

and the microchannels of the matrix material extend from the proximal end of 

the tube toward the distal end of the tube.  Further, in some cases, the tube is 

sealed with a capping material disposed in the distal end of the tube.  The 

capping material, in some instances, blocks or substantially blocks the distal 

end of the one or more microchannels. 

[0009]  In addition, in some embodiments, the matrix material of the device, 

alone or in combination with the capping material, exhibits a compositional 

gradient from the proximal end of the tube toward the distal end of the tube.  In 

some cases, the compositional gradient of the matrix material and/or capping 

material provides a nerve growth region and a nerve growth inhibition region 

within the tube.  The use of such a device, in some instances, can induce nerve 

axons to enter the tube and grow toward the distal end of the tube (within the 

nerve growth region), followed by inhibition or total cessation of nerve growth 
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within the tube (once the nerves reach the nerve growth inhibition region), 

thereby sequestering the nerve endings within the tube and preventing 

neuroma formation.  In some embodiments, a matrix material, alone or in 

combination with a capping material, has a binary chemical composition 

comprising a nerve growth region and a nerve growth inhibition region.  

Alternatively, in other cases, a matrix material has a chemical composition that 

varies continuously or in a step-wise manner as a function of distance from the 

proximal end of the tube. 

[0010]  Moreover, in some embodiments, a device described herein further 

comprises a fluid, such as a saline solution, disposed in one or more 

microchannels of the device.  Additionally, in some instances, one or more 

microparticles are disposed in the fluid, the microparticles comprising one or 

more nerve growth inhibition factors.  The use of such microparticles, in some 

cases, can permit the time-delayed release of nerve growth inhibition factors 

into the microchannels of a device described herein.  Further, in some 

embodiments, the microchannels of a device described herein are free or 

substantially free of an extracellular matrix (ECM) material, such as collagen, 

disposed within the microchannels. 

[0011]  In addition, a device described herein, in some cases, further 

comprises an electromagnetic radiation (EMR) shielding layer substantially 

surrounding the exterior circumference of the tube of the device.  Such a 

shielding layer can be formed from an electrically conductive metal.  A device 

described herein can also further comprise an encapsulation layer substantially 

surrounding the exterior of the EMR shielding layer.  Such an encapsulation 

layer can be formed from an insulating material. 

[0012]  In another aspect, methods of treating and/or preventing a neuroma 

are described herein.  In some cases, treating and/or preventing a neuroma 

comprises inhibiting nerve growth and/or providing analgesia in a biological 

compartment.  In some embodiments, such a method described herein 
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comprises disposing a device described herein in a biological compartment 

comprising nerve tissue.  In some cases, the biological compartment comprises 

a stump of a severed or transected nerve.  Further, in some embodiments, the 

device is disposed over the nerve stump. 

[0013]  These and other embodiments are described in more detail in the 

detailed description which follows.   
 

BRIEF DESCRIPTION OF THE FIGURES 

[0014]  FIG. 1 illustrates a sectional, side view of a device according to one 

embodiment described herein. 

[0015]  FIG. 2 illustrates a sectional view of the device of FIG. 1 taken along 

lines 2--2. 

[0016]  FIG. 3 illustrates a perspective view of a device according to one 

embodiment described herein. 

[0017]  FIG. 4 illustrates a cutaway perspective view of the device of FIG. 3. 

[0018]  FIG. 5 illustrates a graph of some results of a method of inhibiting 

nerve growth according to one embodiment described herein. 

[0019]  FIG. 6 illustrates a sectional view of a device used to inhibit nerve 

growth according to one embodiment described herein. 

 

DETAILED DESCRIPTION 

[0020]  Embodiments described herein can be understood more readily by 

reference to the following detailed description, examples, and figures.  

Elements, apparatus, and methods described herein, however, are not limited 

to the specific embodiments presented in the detailed description, examples, 

and figures.  It should be recognized that these embodiments are merely 

illustrative of the principles of the present invention.  Numerous modifications 

and adaptations will be readily apparent to those of skill in the art without 

departing from the spirit and scope of the invention. 
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[0021]  In addition, all ranges disclosed herein are to be understood to 

encompass any and all subranges subsumed therein.  For example, a stated 

range of “1.0 to 10.0” should be considered to include any and all subranges 

beginning with a minimum value of 1.0 or more and ending with a maximum 

value of 10.0 or less, e.g., 1.0 to 5.3, or 4.7 to 10.0, or 3.6 to 7.9. 

[0022]  All ranges disclosed herein are also to be considered to include the 

end points of the range, unless expressly stated otherwise.  For example, a 

range of “between 5 and 10” should generally be considered to include the end 

points 5 and 10. 

[0023]  Further, when the phrase “up to” is used in connection with an amount 

or quantity, it is to be understood that the amount is at least a detectable 

amount or quantity.  For example, a material present in an amount “up to” a 

specified amount can be present from a detectable amount and up to and 

including the specified amount. 

 

I. Nerve Growth Inhibition Devices 

[0024]  In one aspect, nerve growth inhibition devices are described herein.  

In some embodiments, a nerve growth inhibition device comprises a tube 

having a proximal end and a distal end; and a matrix material disposed in the 

tube and comprising or defining one or more microchannels, wherein the 

proximal end of the tube comprises an opening operable to receive nerve 

tissue, the distal end of the tube is sealed, and the microchannels of the matrix 

material extend from the proximal end of the tube toward the distal end of the 

tube.  In addition, in some cases, a device described herein further comprises a 

fluid, such as a saline solution, disposed in one or more microchannels of the 

device.  Additionally, in some instances, one or more microparticles are 

disposed in the fluid, the microparticles comprising one or more nerve growth 

inhibition factors.  Moreover, in some embodiments, a device described herein 

further comprises an electromagnetic radiation (EMR) shielding layer 
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substantially surrounding the exterior circumference of the tube.  A device 

described herein can also comprise an encapsulation layer substantially 

surrounding the exterior circumference of the EMR shielding layer.   

[0025]  Turning now to specific components of devices, devices described 

herein comprise a tube having a proximal end and a distal end, wherein the 

proximal end of the tube comprises an opening operable to receive nerve tissue 

and the distal end of the tube is sealed.  The tube and the opening of the tube 

can have any size, shape, and structure not inconsistent with the objectives of 

the present invention.  In some embodiments, for instance, the tube has a 

substantially cylindrical shape.  Further, in some cases, a tube described herein 

has an inner diameter between about 100 µm and about 50 mm, between about 

1 mm and about 10 mm, or between about 1 mm and about 5 mm.  In some 

cases, the tube has a diameter greater than about 50 mm or less than about 

100 µm.  The opening of a tube described herein, in some embodiments, can 

have the same inner diameter as the tube.  Alternatively, in other instances, the 

opening can have a smaller size than the inner diameter of the tube.  Further, in 

some cases, a tube described herein has a length between about 1 mm and 

about 200 mm, between about 5 mm and about 100 mm, between about 10 mm 

and about 30 mm, or between about 50 mm and about 150 mm. 

[0026]  Additionally, a tube described herein can comprise or be formed from 

any material not inconsistent with the objectives of the present invention.  In 

some embodiments, for instance, the tube is formed from a polymeric material 

such as a polyurethane, a polyester, a polycarbonate, a polycaprolactone, a 

polylactic acid (PLA), a collagen, a polytetrafluoroethylene (PTFE), a 

polymethylmethacrylate (PMMA), an ethylene-vinylacetate copolymer (EVA), a 

polydimethylsiloxane (PDMS), a polyether polyurethane, a 

polyethyleneterephthalate (PET), a polysulfone (PS), a polyethyleneoxide 

(PEO) or polyethylene glycol (PEG), a polyethylene oxide-polypropylene oxide 

copolymer (PEO-PPO), a polyolefin such as polyethylene (PE) or polypropylene 
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(PP), or a combination of one or more of the foregoing.  In some instances, the 

tube comprises a segment of implantation or catheter tubing, such as Micro-

Renathane implantation tubing.  Other materials may also be used. 

[0027]  Further, in some cases, a tube described herein has a flat or curved 

surface on the sealed end of the tube, such that the tube is sealed by a wall 

formed from the same material that forms the remainder of the tube.  The wall, 

in some cases, can be a flat or curved wall that is continuous with the 

remainder of the tube.  In such an embodiment, the sealed end or wall of the 

tube can block or substantially block the distal end of the microchannels of the 

device, such that the microchannels of the device terminate at the sealed end of 

the tube.  In other cases, the tube is sealed with a capping material disposed in 

the distal end of the tube.  In this instance, the capping material can block or 

substantially block the distal end of the one or more microchannels.  

“Substantially” blocking the microchannels, for reference purposes herein, 

comprises blocking the microchannels sufficiently to prevent nerve tissue 

disposed in the microchannels from exiting the microchannels on the distal end.  

Therefore, the tube of a device described herein can be used to “cap” or 

otherwise isolate nerve endings and/or other nerve tissue. 

[0028]  Any capping material not inconsistent with the objectives of the 

present invention may be used.  In some cases, for instance, a capping material 

comprises a gel, an adhesive, or a combination thereof.  For example, in some 

instances, a capping material comprises agarose gel, a cyanoacrylate, or a 

combination thereof.  Other gels and adhesives may also be used.  Further, in 

some embodiments, a capping material comprises a plurality of capping layers.  

In some embodiments, for instance, a capping material comprises at least two 

layers or at least three layers.  Moreover, the plurality of layers can comprise 

one or more gels, one or more adhesives, or a combination thereof.  In some 

embodiments, a capping material comprises a first capping layer comprising an 
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agarose gel and a second capping layer comprising a cyanoacrylate.  Other 

configurations are also possible. 

[0029]  A capping material or a capping layer of a capping material described 

herein can have any thickness not inconsistent with the objectives of the 

present invention.  For example, in some cases, a capping material forms a wall 

having a thickness between about 1 µm and about 100 mm, between about 10 

µm and about 10 mm, between about 10 µm and about 1 mm, between about 

50 µm and about 10 mm, between about 100 µm and about 10 mm, or between 

about 100 µm and about 1 mm.  Other thicknesses are also possible.  

Moreover, the thickness of a capping material or capping layer described 

herein, in some cases, can be selected based on the composition of the 

capping material or capping layer used and/or a desired ability of the capping 

material or capping layer to prevent nerve growth through the capping material 

or capping layer. 

[0030]  Devices described herein also comprise a matrix material disposed in 

the tube of the device, the matrix material comprising one microchannel or a 

plurality of microchannels.  The matrix material of a device described herein can 

comprise any number of microchannels not inconsistent with the objectives of 

the present invention.  In some cases, for example, a matrix material comprises 

between 1 and 10 microchannels or between 1 and 5 microchannels.  In 

addition, the microchannels can have any size not inconsistent with the 

objectives of the present invention.  In some embodiments, for instance, the 

microchannels have an average diameter between about 100 µm and about 

2000 µm, between about 100 µm and about 1000 µm, or between about 300 

µm and about 800 µm.  In some cases, the microchannels have an averge 

diameter of less than about 100 µm or greater than about 2000 µm.  Further, 

the microchannels can have a length up to about 99%, up to about 95%, up to 

about 90%, or up to about 80% of the length of the tube of the device.  

Moreover, the size and/or number of microchannels in a device described 
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herein, in some cases, can be selected based on the size of a nerve to be 

treated by the device, wherein a larger nerve may require a larger number 

and/or a larger size of microchannels for effective treatment.  For example, in 

some cases, a device for the treatment of a nerve having a diameter of about 

1.5 mm may comprise three microchannels having a diameter of about 600 µm 

each. 

[0031]  In addition, the matrix material of a device described herein can 

comprise or be formed from any material not inconsistent with the objectives of 

the present invention.  In some cases, for instance, a matrix material comprises 

or is formed from a polymeric material.  In some embodiments, a matrix 

material comprises or is formed from a hydrogel, such as, for example, a 

biodegradable hydrogel.  A “biodegradable” material, for reference purposes 

herein, comprises a material that can decompose within a biological 

environment, and may provide a non-toxic decomposition product.  In some 

embodiments, a biodegradable material described herein comprises one or 

more ester bonds.  A matrix material described herein can also comprise or be 

formed from a non-biodegradable material, including a non-biodegradable 

polymeric material.  In some instances, a matrix material described herein 

comprises an agarose gel.  Any agarose gel not inconsistent with the objectives 

of the present invention may be used.  In some cases, for example, a matrix 

material comprises an agarose gel comprising at least about 3 weight percent 

agarose, at least about 4 weight percent agarose, or at least about 5 weight 

percent agarose, based on the total weight of the agarose gel.  In some 

embodiments, a matrix material comprises an agarose gel comprising between 

about 3 weight percent and about 10 weight percent agarose, between about 3 

weight percent and about 8 weight percent agarose, or between about 3 weight 

percent and about 4 weight percent agarose, based on the total weight of the 

agarose gel.  In other cases, a matrix material comprises an agarose gel 

comprising less than about 3 weight percent or less than about 2 weight percent 
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agarose, based on the total weight of the agarose gel.  In some instances, a 

matrix material comprises an agarose gel comprising between about 1 weight 

percent and about 2.5 weight percent agarose, based on the total weight of the 

agarose gel.  Additional non-limiting examples of matrix materials suitable for 

use in some embodiments of devices described herein include polylactic-co-

glycolic acid (PLGA), polylactic acid (PLA), polycaprolactone, polyurethane, 

polyester, polycarbonate, collagen, polytetrafluoroethylene (PTFE), 

polymethylmethacrylate (PMMA), an ethylene-vinylacetate copolymer (EVA), a 

polydimethylsiloxane (PDMS), polyether-polyurethane, a 

polyethyleneterephthalate (PET), a polysulfone (PS), a polyethyleneoxide 

(PEO) or polyethylene glycol (PEG), a polyethylene oxide-polypropylene oxide 

copolymer (PEO-PPO), a polyolefin such as polyethylene (PE) or polypropylene 

(PP), or a combination of one or more of the foregoing.  Other matrix materials 

can also be used, alone or in combination. 

[0032]  Moreover, in some embodiments, the matrix material of a device 

described herein exhibits a compositional gradient from the proximal end of the 

tube toward the distal end of the tube.  In some cases, the compositional 

gradient of the matrix material provides a nerve growth region and a nerve 

growth inhibition region within the tube, wherein the chemical composition of the 

nerve growth region differs from the chemical composition of the nerve growth 

inhibition region.  A “nerve growth region” for reference purposes herein, 

comprises a spatial region in which nerve growth is promoted or at least not 

inhibited.  A “nerve growth inhibition region,” for reference purposes herein, 

comprises a spatial region in which nerve growth is inhibited.  The promotion or 

inhibition of nerve growth in a nerve growth or nerve growth inhibition region 

described herein, in some instances, can be caused by the chemical 

composition of the region.  Moreover, in some cases, the nerve growth region of 

a tube described herein is located closer to the proximal end of the tube than 

the nerve growth inhibition region is.  Thus, in some embodiments, the use of a 
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matrix material having a varying composition between the proximal end and the 

distal end of the tube of a device described herein can induce nerve axons to 

enter the tube and grow toward the distal end of the tube (within the nerve 

growth region), followed by inhibition or total cessation of nerve growth within 

the tube (once the nerves reach the nerve growth inhibition region), thereby 

sequestering the nerve endings within the tube and preventing neuroma 

formation. 

[0033]  Further, it is to be understood that the boundary between a nerve 

growth region and a nerve growth inhibition region of a device described herein 

can be a sharp boundary or a gradual boundary.  For example, in some cases, 

a matrix material described herein, alone or in combination with a capping 

material described herein, has an essentially binary chemical composition, such 

that the compositional gradient forms sharply divided nerve growth and nerve 

growth inhibition regions within the tube.  Alternatively, in other embodiments, 

the compositional gradient of the matrix material comprises a regularly 

changing gradient or a gradient having the form of a step function, wherein the 

chemical composition of the matrix material varies continuously or in a step-

wise manner, respectively, as a function of distance from the proximal end of 

the tube. 

[0034]  For example, in some cases, a compositional gradient of a matrix 

material is provided by varying the weight percent of agarose in an agarose gel 

matrix material, where the weight percent of agarose is varied as a function of 

the distance from the proximal end of the tube.  In some such embodiments, the 

weight percent of agarose increases as a function of distance from the proximal 

end of the tube.  Moreover, the boundary between the nerve growth region and 

the nerve growth inhibition region of the matrix material in such an embodiment 

can be formed by the transition from a weight percent of agarose below about 3 

weight percent or below about 2 weight percent (the nerve growth region) to a 

weight percent of agarose above about 3 weight percent or above about 2.5 
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weight percent (the nerve growth inhibition region).  Other configurations of a 

compositionally graded matrix material are also possible. 

[0035]  Devices described herein, in some embodiments, further comprise a 

fluid disposed in one or more microchannels of the device.  Any fluid not 

inconsistent with the objectives of the present invention may be used.  In some 

cases, the fluid comprises a saline solution such as a sterile solution of sodium 

chloride in water.  Non-limiting examples of saline solutions suitable for use in 

some embodiments described herein include normal saline (about 0.90% w/v 

NaCl) and hypertonic saline (about 3-7% w/v NaCl).  Other saline solutions may 

also be used. 

[0036]  In addition, in some cases, one or more microparticles are disposed in 

the fluid of a device described herein.  Moreover, the microparticles can 

comprise one or more nerve growth inhibition factors disposed within the 

interior and/or on the exterior surface of the microparticles.  Any nerve growth 

inhibition factor not inconsistent with the objectives of the present invention may 

be used.  In some embodiments, for example, a nerve growth inhibition factor 

comprises an axon regeneration inhibitor (ARI).  Non-limiting examples of ARIs 

suitable for use in some embodiments described herein include chondroitin 

sulphate proteoglycans (CSPGs), myelin-associated glycoprotein (MAG), 

reticulon-4 (also known as Neurite outgrowth inhibitor or Nogo), and 

oligodendrocyte-myelin glycoprotein (OMgp).  A nerve growth inhibition factor 

can be present in a microparticle described herein in any amount not 

inconsistent with the objectives of the present invention.  In some embodiments, 

for instance, a nerve growth inhibition factor is present in a microparticle in an 

amount between about 0.0001 and about 1 weight percent, based on the total 

weight of the microparticle. 

[0037]  Further, a microparticle can have any size and shape and be formed 

from any material not inconsistent with the objectives of the present invention.  

In some embodiments, for example, a microparticle is a spherical or 
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substantially spherical microparticle having a diameter between about 10 µm 

and about 1000 µm or between about 50 µm and about 500 µm.  Microparticles 

having other sizes and shapes may also be used.  In addition, in some cases, a 

microparticle is formed from a polymeric material, including any polymeric 

material described hereinabove for a tube or matrix material.  Alternatively, in 

other instances, a microparticle is formed from an inorganic material such as 

silicon dioxide and/or titanium dioxide.  Other materials may also be used. 

[0038]  The use of microparticles described herein, in some embodiments, 

can permit the time-delayed release of nerve growth inhibition factors into the 

microchannels of a device described herein.  In this manner, a device described 

herein can facilitate nerve growth into and within the device at early time points 

following implantation of the device for the prevention and/or treatment of a 

neuroma, but inhibit or completely stop nerve growth within the device at later 

time points.  Thus, in some embodiments comprising microparticles described 

herein, the matrix material of the device may or may not exhibit a compositional 

gradient described herein. 

[0039]  Additionally, in some cases, the microchannels of a device described 

herein are free or substantially free of an extracellular matrix material (ECM), 

such as collagen, disposed within the microchannels.  A device that is 

“substantially” free of an ECM, for reference purposes herein, comprises a 

device that includes less than about 10 weight percent, less than about 5 weight 

percent, less than about 3 weight percent, less than about 1 weight percent, 

less than about 0.5 weight percent, or less than about 0.1 weight percent ECM 

disposed in the microchannels, based on the total weight of the contents of the 

microchannels.    

[0040]  Devices described herein, in some embodiments, further comprise an 

electromagnetic radiation (EMR) shielding layer.  The EMR shielding layer can 

surround or substantially surrounding the exterior circumference of the tube of 

the device.  For example, in some cases, the shielding layer surrounds at least 



 

216 

about 70%, at least about 80%, at least about 90%, at least about 95%, or at 

least about 99% of the circumferential surface area of exterior of the tube.  

Moreover, in some embodiments, the shielding layer is disposed directly on the 

exterior surface of the tube.  In other cases, one or more additional layers such 

as one or more adhesive layers are disposed between the tube and the 

shielding layer. 

[0041]  Further, the shielding layer of a device described herein, in some 

embodiments, can absorb and/or reflect incident EMR that would otherwise 

impinge on nerve tissue disposed within the device.  In some cases, the 

shielding layer absorbs and/or reflects at least about 60%, at least about 70%, 

at least about 80%, at least about 90%, at least about 95%, or at least about 

99% of incident radiation having a radio frequency (RF), such as a frequency 

between about 3 kHz and about 300 GHz, between about 3 kHz and about 30 

kHz, between about 30 kHz and about 300 kHz, between about 300 kHz and 

about 3 MHz, between about 3 MHz and about 30 MHz, between about 30 MHz 

and about 300 MHz, between about 300 MHz and about 3 GHz, or between 

about 300 MHz and about 1000 MHz.  In other instances, the shielding layer 

absorbs and/or reflects between about 60% and about 100%, between about 

75% and about 99%, between about 80% and about 99%, between about 80% 

and about 95%, between about 85% and about 99%, or between about 90% 

and about 99.9% of incident EMR having a frequency described hereinabove. 

[0042]  The shielding layer of a device described herein can comprise or be 

formed from any material not inconsistent with the objectives of the present 

invention.  For example, in some cases, a shielding layer comprises or is 

formed from an electrically conductive metal, including an elemental metal, 

metal alloy, or combination of metals.  Any electrically conductive metal not 

inconsistent with the objectives of the present invention may be used.  In some 

instances, a shielding layer comprises or is formed from one or more of cobalt, 

silver, copper, gold, aluminum, molybdenum, zinc, lithium, tungsten, brass, 
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carbon, nickel, iron, palladium, platinum, tin, bronze, carbon steel, lead, 

titanium, and stainless steel.  In other embodiments, a shielding layer 

comprises or is formed from an electrically conductive polymeric material.  Any 

electrically conductive polymeric material not inconsistent with the objectives of 

the present invention may be used.  In some cases, for instance, an electrically 

conductive polymeric  materials comprises or is formed from a polypyrrole 

(PPY), a polyaniline (PANI), a polythiophene (PT), a poly(3,4-

ethylenedioxythiophene) (PEDOT), a  poly(p-phenylene sulfide) (PPS), a 

polyacetylene (PAC), a  poly(p-phenylene vinylene) (PPV), or a combination of 

two or more of the foregoing. 

[0043]  Additionally, a shielding layer of a device described herein can have 

any thickness not inconsistent with the objectives of the present invention.  In 

some embodiments, for instance, a shielding layer has a thickness between 

about 500 nm and about 1 mm, between about 500 nm and about 500 µm, 

between about 1 µm and about 500 µm, between about 1 µm and about 100 

µm, between about 10 µm and about 500 µm, between about 10 µm and about 

100 µm, between about 100 µm and about 1 mm, or between about 100 µm 

and about 500 µm.  In some cases, a shielding layer has a thickness of less 

than about 500 nm or more than about 1 mm.  Moreover, the thickness of a 

shielding layer described herein, in some cases, can be selected based on a 

desired absorptivity and/or reflectivity of the shielding layer. 

[0044]  The use of an EMR shielding layer described herein, in some 

embodiments, can reduce the amount of pain registered by a nerve disposed in 

a device described herein.  In particular, the use of an EMR shielding layer can 

reduce the amount of pain induced by incident or environmental EMR. 

[0045]  A device described herein, in some cases, further comprises an 

encapsulation layer substantially surrounding the exterior circumference of an 

EMR shielding layer.  Such an encapsulation layer can be formed from any 

material and have any thickness not inconsistent with the objectives of the 
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present invention.  In some embodiments, for instance, an encapsulation layer 

is formed from an electrically insulating layer such as a rubber or plastic.  Other 

materials may also be used.  Further, in some cases, an encapsulation layer 

described herein has a thickness between about 10 µm and about 10 mm.  

Other thicknesses may also be used. 

[0046]  Various components of devices have been described herein.  It is to 

be understood that a device according to the present invention can comprise 

any combination of components and features not inconsistent with the 

objectives of the present invention.  For example, in some cases, a device 

described herein comprises any tube described herein in combination with any 

matrix material described herein and any EMR shielding layer described herein. 

[0047]  Further, a device described herein can be made in any manner not 

inconsistent with the objectives of the present invention.  In some instances, for 

example, a casting and/or negative extrusion process is used to form a tube or 

matrix material comprising one or more microchannels or lumens.  In other 

embodiments, a device described herein is formed by 3D printing.   

 

II. Methods of Preventing and Treating Neuromas 

[0048]  In another aspect, methods of preventing and treating neuromas are 

described herein.  In some cases, preventing and/or treating a neuroma 

comprises inhibiting nerve growth and/or providing analgesia.  In some 

embodiments, such a method comprises disposing a device described herein in 

a biological compartment comprising nerve tissue.  Any device described 

hereinabove in Section I may be used.  Further, the biological compartment can 

comprise any biological compartment not inconsistent with the objectives of the 

present invention.  In some instances, the biological compartment comprises, 

consists, or consists essentially of nerve tissue, including nerve endings.  In 

some cases, the biological compartment comprises a stump of a severed nerve, 

and the device is disposed on, over, or near the nerve stump.  Additionally, in 
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some cases, disposing a device described herein in a biological compartment 

described herein comprises surgically placing the device in the desired location. 

[0049]  Some embodiments described herein are further illustrated in the 

following non-limiting examples.  

 

EXAMPLE 1 

Device for Inhibiting Nerve Growth 

[0050]  A device for inhibiting nerve growth according to one embodiment 

described herein was prepared as follows.  Specifically, a transparent multi-

luminal (or multi-channel) matrix (TMM) casting device was used.  Such a 

device is described in United States Patent Application Publication 

2008/0300691, which is hereby incorporated by reference in its entirety.  The 

TMM casting device consists of a square plastic open frame that 

accommodates an external polyurethane (or similar material) catheter tube with 

holes at opposite ends through which metal rods can be inserted. To form a 

device, the precursor of a desired matrix material described herein (such as an 

agarose gel) was added over the metal rods (such as titanium rods) disposed in 

the tube, followed by polymerization of the precursor to provide the matrix 

material.  In this manner, the metal rods were effectively embedded in the 

matrix material.  The metal rods were then removed from the frame to provide a 

matrix material comprising microchannels corresponding to the areas vacated 

by the metal rods. This matrix material could then be disposed within a tube 

described herein, including a tube sealed at the distal end. 

[0051]  Alternatively, a tube open on both ends could be disposed in the TMM 

frame prior to placement of the metal rods and the matrix material precursor 

within the tube.  The fabrication procedure could then be completed as 

described above.  It was also possible to provide a saline solution within the 

microchannels by disposing the saline solution in a loading well of the TMM 

prior to removal of the metal rods.  The loading well was disposed such that the 
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contents of the loading well were proximate the metal rods.  Rapid removal of 

the metal rods resulted in a negative pressure within the microchannels, which 

was able to “pull” or “suck” the saline solution into the microchannels.  Next, a 

separately formed capping material was prepared and disposed in the distal 

end of the tube to seal the distal end.  In some cases, the capping material was 

disposed in the distal end of the tube after the tube was disposed over and 

sutured to a severed nerve.  In such cases, an adhesive capping material could 

be polymerized in situ with saline. 

[0052]  A device formed in this manner is depicted schematically in FIG. 1 and 

FIG. 2.  FIG. 1 illustrates a sectional view of the device from the side.  FIG. 2 

illustrates a sectional view of the device taken along lines 2--2.  As illustrated in 

FIGS. 1 and 2, the nerve growth inhibition device (100) comprises a 

polyurethane tube (110) having a proximal end (111) and a distal end (112).  A 

matrix material (120) is disposed in the tube (110) and comprises a plurality of 

microchannels (130).  The proximal end (111) of the tube (110) comprises an 

opening (113) operable to receive nerve tissue (not shown).  The distal end 

(112) of the tube (110) is sealed, and the microchannels (130) of the matrix 

material (120) extend from the proximal end (111) toward the distal end (112) of 

the tube (110).  In the embodiment of FIG. 1, the tube (110) is sealed with a 

capping material (140) disposed in the distal end (112) of the tube (110) and the 

capping material (140) blocks or substantially blocks the distal end (112) of the 

one or more microchannels (130).  The capping material (140) comprises a first 

capping layer (141) comprising 3 wt. % agarose gel and a second capping layer 

(142) formed from a cyanoacrylate adhesive.  The first capping layer (141) can 

also be considered to form a nerve growth inhibition region (122) within the 

device (100), in contrast to a nerve growth region (121) provided by the matrix 

material (120), which could be formed, for example, from 1.5 wt.% agaraose 

gel.  
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[0053]  Further, as illustrated in FIG. 1, the device 100 is in fluid 

communication with a saline loading well (210) of a TMM casting device.  The 

loading well (210) is in fluid communication with the microchannels through a 

tube insertion node (220).   

 

EXAMPLE 2 

Device for Inhibiting Nerve Growth 

[0054]  A device for inhibiting nerve growth according to one embodiment 

described herein is prepared as follows.  The manufacturing process is carried 

out in a class 10,000 cleanroom environment. The process consists of semi-

automated and manual steps. Semi-automated processes are performed using 

a manufacturing cell developed with a 3-axis gantry type positioning system 

having a payload capacity of 4 kg on the z-axis and a precision of 20 µm.  The 

system includes the following process tools: a pick and place gripper; a dip 

coating gripper; and two precision dispensing syringes.  The manufacturing cell 

contains multiple stations that include heating and cooling areas, a dip coating 

station, tools to create channels, and various fixtures to hold the device.  

Positioning is accomplished via precision touch sensors and encoders.  

Dispensing of the matrix material is performed by precision Engineered Fluid 

Dispensing (EFD) systems using heated syringes.  The manufacturing cell is 

controlled by custom software written in Labview.  Devices having different 

sizes of microchannels and/or tubes can be formed by altering the tooling of the 

manufacturing cell. 

[0055]  To manufacture a device comprising a tube formed from polyurethane, 

a sacrificial mandrill is used, the mandrill having a diameter that corresponds to 

the desired inner diameter of the polyurethane tube.  The mandrill undergoes 

several dip coating and drying cycles in a polyurethane or polyurethane 

precursor solution.  After the desired thickness of polyurethane is achieved on 

the mandrill, the dip-coated mandrill is removed to create the polyurethane 
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tube.  Next, an EMR shielding layer material is disposed on the outer surface of 

the polyurethane tube.  The device is then vapor-sterilized.  Finally, a TMM 

casting device similar to that described in Example 1 above is used to provide a 

matrix material comprising microchannels within the coated polyurethane tube.  

The TMM casting device can be pulled manually or by the robot pick and place 

gripper to form the microchannels. 

[0056]  The resulting device is depicted schematically in FIG. 3 and FIG. 4.  

FIG. 3 illustrates a perspective view of the device.  FIG. 4 illustrates a cutaway 

perspective view of the device.  As illustrated in FIG. 4, the nerve growth 

inhibition device (100) comprises a tube (110) having a proximal end (111) and 

a distal end (112).  A matrix material (120) comprising agarose gel is disposed 

in the tube (110) and comprises a plurality of microchannels (130).  Further, the 

matrix material (120) has a binary chemical composition comprising a nerve 

growth region (121) and a nerve growth inhibition region (122).  The nerve 

growth region (121) is provided by a matrix material composition comprising 1.5 

wt.% agarose, and the nerve growth inhibition region (122) is provided by a 

matrix material composition comprising 3 wt.% agarose.  The binary chemical 

composition of the matrix material (120) is provide by serially disposing the 

differing agarose gels within the tube (110).  The proximal end (111) of the tube 

(110) comprises an opening (113) operable to receive nerve tissue (not shown).  

The distal end (112) of the tube (110) is sealed, and the microchannels (130) of 

the matrix material (120) extend from the proximal end (111) toward the distal 

end (112) of the tube (110).  In the embodiment of FIG. 4, the tube (110) 

includes a sealed end comprising a wall (114) formed from the same material 

as the remainder of the tube (110).  The wall (114) blocks or substantially 

blocks the distal end (112) of the one or more microchannels (130).  An EMR 

shielding layer (150) is disposed on the exterior circumference of the tube 

(110).  Further, an encapsulation layer (160) is disposed around the shielding 

layer (150).  The EMR shielding layer (150) is formed by wrapping the EMR 
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shielding material around the tube (110).  The encapsulation layer (160) is 

formed by dip-coating with additional polyurethane. 

 

EXAMPLE 3 

Method of Inhibiting Nerve Growth 

[0057]  A method of inhibiting nerve growth according to one embodiment 

described herein was carried out as follows.  Specifically, a device having the 

structure described in Example 1 was used to inhibit nerve growth or 

regeneration in rats (the “experimental” device).  For comparison, a device 

similar to the device of Example 1 was used as a control (the “control” device).  

However, the tube of the control device was not sealed at the distal end.  

Instead, both ends of the tube of the control device included openings. 

[0058]  Both devices (control and experimental) were disposed over an 

acutely severed proximal nerve stump in living test animals and directed toward 

a distal nerve stump of the animals.  Specifically, twenty adult Long Evans rats 

were used to test the regeneration inhibition method.  Seven animals were 

treated with the control device and observed after 60 days (n = 3) or 210 days 

(n = 4).  Thirteen animals were treated with the experimental device and 

observed after 60 days (n = 5) or 210 days (n = 8).  Observation was carried out 

by photographing the implantation sites and by gross morphology of the 

harvested devices following the stated time period.  The relative distance of 

tissue penetration through the length of the tubes of the devices was 

determined.  The amount of tissue area per tube was also determined.  For 

quantification purposes, recovered regenerated nerves were divided into 

proximal and distal segments and embedded in paraffin for transverse 

sectioning. In addition, sections at 6 mm penetration, the critical regeneration 

distance observed in the experimental group, were further analyzed by (a) 

staining with hematoxylin and eosin (H&E), a common histological stain for 
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visualizing cellular morphology, and (b) antibodies against neurofilament protein 

(NFP), a marker specific for neuronal axons. 

[0059]  Nerve growth and vascularization was observed in both the 

experimental and control groups after 210 days.  Specifically, organized tissue 

regrowth consisting of axons, Schwann cells, and fibroblasts was observed 

within the microchannels of the tubes of each of the implants in both the control 

and experimental groups.  Flat cells resembling a perineurium were organized 

around the outer layer of regenerating tissue, while NFP-positive axons were 

observed more centrally within the conduits.  However, quantitative analysis of 

the regenerated nerve area indicated that nerve growth was statistically lower in 

the group treated with the experimental device.  The number of regenerated 

axons in the experimental group was up to 50% less than in the control group.  

Moreover, the penetration of the regenerated nerves within the microchannels 

of the experimental device was limited to only the first 7 mm of the tube.  In 

contrast, nerve cables reconnected to the distal nerve stump in each instance in 

the control group.  Some results are illustrated in FIG. 5. 

[0060]  In addition, the growth of nerves within the experimental device is 

illustrated schematically in FIG. 6.  As illustrated in FIG. 6, a nerve growth 

inhibition device (100) is disposed over a nerve stump (300).  Specifically, the 

nerve stump is inserted into the tube (110) of the device (100) to a nerve 

insertion point (310) corresponding to the proximal end (131) of the 

microchannels (130).  Regenerated nerve axons (320) initially are guided within 

the microchannels (130) toward the distal end (112) of the tube (110).  Within a 

nerve growth region (121) of the device (100), the regenerated nerve axons 

(320) are viable.  However, within a nerve growth inhibition region (122) of the 

device (100), growth of the nerve axons (320) is retarded and ultimately ceases. 

 

EXAMPLE 4 

Method of Providing Analgesia 
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[0061]  A method of providing analgesia according to one embodiment 

described herein was carried out as follows.  First, a device having a structure 

corresponding to Example 1 was used to reduce mechanically-induced pain 

caused by neuromas.  Specifically, 17 adult Lewis rats were subjected to 

surgery according to the tibial neuroma transposition (TNT) model described in 

Dorsi et al., “The tibial neuroma transposition (TNT) model of neuroma pain and 

hyperalgesia,” Pain, 134(3), 320-334 (2008).  Briefly, the posterior tibial nerve of 

an anesthetized animal was exposed from approximately 8 mm proximal to the 

calcaneal branch to 1 mm distal to the plantar nerve bifurcation.  The transected 

tibial nerve was then redirected to approximately 8-10 mm superior to the lateral 

malleolus in the hind limb in which the tibial nerve will be ligated and to the 

lateral side of the ankle.  This transposition and superficial placement of the 

tibial nerve permitted routine screening for abnormal sensation at this site.  

Therefore, this model created a neuroma that was accessible for mechanical 

testing and allowed evaluation of pain perception in a way that resembles 

clinical evaluation of the Hoffman-Tinel sign in amputees (i.e., neuroma 

tenderness). 

[0062]  Mechanical testing was carried out using a von Frey test derived from 

a clinical procedure to assess allodynia, particularly in patients with neuropathic 

pain.  The von Frey test is considered reliable to ascertain mechanoceptive pain 

in rats.  The von Frey filaments were plastic hairs, 5 cm long and having various 

diameters, fixed on applicators.  For testing, each animal was placed separately 

in a clear chamber with a wire-mesh floor and allowed to acclimate before 

testing.  Each animal was then probed with a 300 g von Frey filament at the 

neuroma position.  For comparison, the uninjured side was also palpated. 

[0063]  The animals were randomly assigned to three groups (each having n 

= 4): (1) neuroma positive control, (2) treatment with a hollow non-

biodegradable polyurethane tube, and (3) treatment with a device according to 

Example 1.  Two months following the TNT surgery, all animals in groups (1) 
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and (2) developed a vigorous paw withdrawal in response to von Frey 

stimulation at the ligature, which persisted for all three months over which these 

animals were observed. In sharp contrast, rats implanted with the nerve growth 

inhibition device of Example 1 showed a significant reduction in mechanically-

induced pain. 

[0064]  Additionally, when the neuromas were dissected at the end of the 

study (after 8 months), conventional neuromas had formed in all control TNT 

animals.  Those implanted with hollow polyurethane tubes showed no nerve 

growth into the nerve conduit, but clear neuromas formed at the proximal site.  

In contrast, the animals of group (3) showed no neuroma formation.  Instead, 

nerve fiber growth into the device microchannels was observed.  The 

regenerated fascicles extended inside the tube and then stopped at the middle 

of the tube’s length. The binary composition of the matrix material hydrogel of 

the device promoted initial nerve growth into the microchannels (in regions 

comprising 1.5 wt.% agarose) but halted further growth when the nerves 

reached a higher density gel (3 wt.% agarose).  The cyanoacrylate capping 

material added an extra level of safety, since it could prevent the escape of any 

nerve fibers that extended beyond the higher density gel.  Thus, the 

regenerated nerves were essentially trapped inside the device.  

[0065]  Various embodiments of the present invention have been described in 

fulfillment of the various objectives of the invention.  It should be recognized 

that these embodiments are merely illustrative of the principles of the present 

invention.  Numerous modifications and adaptations thereof will be readily 

apparent to those skilled in the art without departing from the spirit and scope of 

the invention. 
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CLAIMS 

 

That which is claimed is: 

 

1. A nerve growth inhibition device comprising: 

 a tube having a proximal end and a distal end; and 

a matrix material disposed in the tube and comprising one or more 

microchannels, 

wherein the proximal end of the tube comprises an opening operable to receive 

nerve tissue, the distal end of the tube is sealed, and the microchannels of the 

matrix material extend from the proximal end of the tube toward the distal end 

of the tube. 

 

2. The device of claim 1, wherein the tube is sealed with a capping material 

disposed in the distal end of the tube and the capping material blocks or 

substantially blocks the distal end of the one or more microchannels. 

 

3. The device of claim 2, wherein the capping material comprises a gel, an 

adhesive, or a combination thereof.   

 

4. The device of claim 2, wherein the capping material comprises agarose 

gel, a cyanoacrylate, or a combination thereof. 

 

5. The device of claim 2, wherein the capping material comprises a plurality 

of capping layers. 

 

6. The device of claim 5, wherein a first capping layer comprises agarose 

gel and a second capping layer comprises a cyanoacrylate. 
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7. The device of claim 1, wherein the matrix material comprises a plurality 

of microchannels. 

 

8. The device of claim 1, wherein the matrix material comprises an agarose 

gel, a polylactic-co-glycolic acid, a polylactic acid,  a  caprolactone, or a 

combination thereof.   

 

9. The device of claim 1, wherein the matrix material comprises an agarose 

gel. 

 

10. The device of claim 1, wherein a fluid is disposed in the one or more 

microchannels. 

 

11. The device of claim 10, wherein the fluid comprises a saline solution. 

 

12. The device of claim 1, wherein the microchannels are free or 

substantially free of an extracellular matrix material disposed within the 

microchannels. 

 

13. The device of claim 12, wherein the extracellular matrix material 

comprises collagen. 

 

14. A method of inhibiting nerve growth comprising: 

 disposing a device in a biological compartment comprising nerve tissue, 

the device comprising 

a tube having a proximal end and a distal end; and 

a matrix material disposed in the tube and comprising one or more 

microchannels, 
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wherein the proximal end of the tube comprises an opening operable to receive 

the nerve tissue, the distal end of the tube is sealed, and the microchannels of 

the matrix material extend from the proximal end of the tube toward the distal 

end of the tube. 

 

15. The method of claim 14, wherein the biological compartment comprises 

a stump of a severed nerve. 

 

16. The method of claim 15, wherein the device is disposed over the nerve 

stump. 

 

17. A method of providing analgesia comprising: 

 disposing a device in a biological compartment comprising nerve tissue, 

the device comprising 

a tube having a proximal end and a distal end; and 

a matrix material disposed in the tube and comprising one or more 

microchannels, 

wherein the proximal end of the tube comprises an opening operable to receive 

the nerve tissue, the distal end of the tube is sealed, and the microchannels of 

the matrix material extend from the proximal end of the tube toward the distal 

end of the tube. 

 

18. The method of claim 17, wherein the biological compartment comprises 

a stump of a severed nerve. 

 

19. The method of claim 18, wherein the device is disposed over the nerve 

stump. 
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ABSTRACT 

In one aspect, nerve growth inhibition devices are described herein.  In 

some embodiments, a nerve growth inhibition device described herein 

comprises a tube having a proximal end and a distal end.  A matrix material is 

disposed in the tube, and the matrix material comprises one or more 

microchannels.  The proximal end of the tube comprises an opening operable to 

receive nerve tissue, the distal end of the tube is sealed, and the microchannels 

of the matrix material extend from the proximal end of the tube toward the distal 

end of the tube.     
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