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Abstract  
 
Many humans, suffering from neuropathic pain symptoms, have no clinical evidence of a lesion or 
disease affecting their somatosensory system. The most common factor, in many of those affected, 
is that the pain occurred “after” the healing of a soft tissue injury. The reason for the gradual 
appearance of chronic pain, following soft tissue trauma, could be the universal changes of tissue 
repair that follow at the injury site. The remodeling of tissue may result in nerve compression, with 
the delayed onset of pain in some humans. To study this phenomenon, we created a rat model of a 
mononeuritis with neuropathic pain behavior lasting months using induced tissue remodeling, the 
prolonged last stage of tissue repair. Thirty-six adult (550g average weight) male rats were 
randomly assigned to one of three groups: GEL, sham or control. Animals in the control group had 
a biological gel implanted percutaneously, in the neural tunnel of the distal tibial nerve. Pain 
behaviors began to appear over 2-3 weeks, with robust persistence of the mechanical hyperalgesia 
for over 4 months, until the end of the study. Pain behaviors spread contralaterally 2-3 weeks after 
appearing ipsilaterally. During this time morphine 3 mg/kg, celecoxib 10 mg/kg, gabapentin 25 
mg/kg and duloxetine 10 mg/kg were screened 3 times each; all given subcutaneously. Analgesia 
was similar to the well-characterized responses of humans with post-trauma pain syndromes: 
morphine had less analgesia over time, celecoxib had no analgesic effects, while gabapentin and 
duloxetine produced marked analgesia at all times. The anatomic changes seen on histology in the 
GEL group were consistent with active remodeling of neural tissue. At the conclusion of this study, 
we tested the analgesic effects of a local injection of the erythropoietin analog, epoetin alfa. The 
injection of epoetin alfa at the GELTM procedure site extinguished pain behaviors established for 
over 4 months.  
 
 
neuropathic pain, erythropoietin, neural regeneration, soft tissue injuries, neuritis, tissue repair, 
hydrogel, animal model, neural remodeling, age, morphine resistance, pain model, opioid-induced 
hyperalgesia, matrix remodeling, predictive validity, habituation, estrogen  
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Introduction 
 
The development of persistent neural pain, following soft tissue injuries, in humans is an 
uncommon but disabling complication (1-5). The persistent pain usually begins gradually, 
continuing for months to years, irrespective of the specific cause of the trauma. The typical 
initiating causes of the antecedent soft tissue injuries include blunt trauma, strains, surgery, 
radiation, fractures, vibration, and repetitive motion (6-16), with the resultant disuse contributing to 
the tissue matrix stiffness (17). Despite a common history of trauma in this population, a trauma-
specific neural lesion or occult nerve injury are seldom recognized. Since some patients have the 
finding of pain long after these injuries have healed, the existence of neural lesions is implied in this 
cohort (18). In the absence of an identified neural lesion, many of these patients have been 
hypothesized to have a neural “generator” or an “ectopic” site (19-29).  
 
The perceived absence of a specific neural injury site, or recognized neural abnormality, does not 
mean these patients lack such a lesion; these lesions may be “clinically invisible” and below our 
current level of detection (30), without using invasive techniques. The persistence of pain behaviors 
in these individuals argues in support of a local neural activation site. In vivo peripheral nerve 
imaging techniques (31-37) and diagnostics are presently being developed (38, 39), however, most 
of these imaging techniques cannot yet detect abnormalities in small branches of the distal 
peripheral nerves (18), which are the fibers most likely to be effected in soft tissue injuries.  
 
A logical cause for the gradual appearance of chronic pain following soft tissue trauma is the 
predictable changes that occur during the tissue repair process at the affected site. These changes 
involve the removal of debris, fibrosis, and the regeneration of damaged tissue, including muscle, 
nerve, vasculature and extracellular matrix. The remodeling of tissue may result in nerve 
compression, with delayed onset of pain (40). One such example of the ability of minimal pressure 
on the nerve causing severe pain, is trigeminal neuralgia, where even micro-compression of the 
nerve root can cause severe pain (41). The timing of the onset of chronic neuropathic pain parallels 
tissue morphologic events that occur during healing and tissue remodeling of the affected area (S1, 
(42, 43)). We hypothesized that it is during tissue remodeling that an accumulation of matrix and 
possibly local edema alter the neural microenvironment (44) and contribute to the compression of 
vulnerable neural fibers, resulting in focal neural injury. These injuries cause atypical forces to 
intraneural pathology and then abnormal function (45) of peripheral glia and neurons (46), and the 
subsequent pain syndromes that are observed in these patients. To test this biophysical hypothesis 
we have created a model of a discrete focal lesion in the rat rear limb that recreates clinical findings 
similar to those seen in post-traumatic focal neuritises in humans.  
 
Doubts have been raised about whether or not rodents can represent the human condition in 
neuropathic pain because no effective analgesics have been discovered using them (1, 47). We 
consider the similarities in genetics, social behaviors (48), and tissue healing (49, 50) that humans 
share with rodents as confirmative to the relevance for their use. Two critical factors we used in 
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developing this model were the equivalent and relevant human age (51) and the relevance of the 
biologic pathophysiology embodied by the model (1). Presently, creation of animal models with 
neuropathic pain behaviors use forms of external direct nerve trauma or irritation (52), usually with 
surgical procedures (53). These models create immediate pain, and do not reproduce the 
pathophysiology occurring after soft tissue injuries, that can produce a chronic focal neuritis.  
 
Our report details the creation of a new pain model to represent patients in whom tissue repair has 
resulted in neuropathic pain. Their story is now told here. 
 
 
Materials and Methods 
 
Ethical statement 
 
The protocol was approved by the Institutional Animal Care and Use Committee of NeuroDigm 
Corporation (IACUC permit number 1-2014/15) and was in compliance with the guidelines of the 
8th edition of Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize 
the number of animals used and pain and suffering.  
 
 
Experimental animals 
 
37 Sprague Dawley 9.5 months-old male rats (Harlan facility in Houston, Texas) were received 
after being raised with their normal social groups. Their initial weights ranged from 440 to 660 
grams, with a mean of 550 grams. Rats are usually sexually mature at 6 weeks and socially mature 
at 6 months. In this study, the rats’ approximate human equivalent age range starts at about 25 years 
and ends at 41 years of age (54, 55). The rats had no prior drug exposure. 
 
 
Housing and husbandry 
 
Ventilation and housing were per USDA guidelines. Each rat was housed singly in open cages in 
the same room. The room and individual cages had ammonia sensors (Pacific Sentry). No other 
animals or rodents were housed in the facility. The cages were changed every 2 weeks or earlier. 
Bedding was ¼-inch corncob pellets. Food was Lab Diet 5V5R with low phytoestrogens, 
continuous access. Light dark cycle was 12 hours, with lights off from 7PM to 7AM. Maximum 
lumens at cage level were 20-40; at time of pain behavior testing the maximum lumens were 85-
100. The room had no high frequency interference detected (Batseeker Ultrasonic Bat Detector), 
other than that related to the rats on weekly and as needed testing. Water used was municipal water. 
In each cage, enrichments were 1) a non-plasticized polyvinyl chloride tube 4” in diameter by 6” in 
length (Bisphenol A free) for shelter and 2) bedding at an increased depth of ¾”- 1” when dry, to 
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encourage burrowing. Facility was near latitude/longitude 32.7574°N/97.3332°W. All procedures 
and pain behavior testing were performed in the same room as the rats were housed. 
 
 
Study design 
 
After receiving, the rats were acclimated for 15 days with baseline testing (Fig 1), then randomly 
assigned to one of 3 groups: GEL procedure, sham procedure, or control (no procedure). Anesthesia 
of 2-3% isoflurane was administered for the procedure for 2 minutes, after induction. Isoflurane gas 
was used due to brief anesthetic time needed, enabling less recovery time compared to most 
injectables. GEL and sham procedures were performed blinded; the study was unblinded on post-
procedure day 149. The analgesics effects of each of four agents were screened 3 times during the 
5-month study. The screening involved testing the plantar hindpaws of the rats with standard stimuli 
used to detect neuropathic pain behaviors: mechanical allodynia testing for nonpainful light touch 
done with 3 von Frey fibers and a soft brush, then pinprick, a normally brief sharp painful feeling, 
was used for mechanical hyperalgesia. All procedures and screenings were performed by the same 
female investigator, with no one else in the room. 
 

 
 
Fig 1. Timeline: Three groups (GEL, sham and control) had four drugs screened for analgesia 
3 times over the 5-month study. At the end, a pilot study of a local injection with erythropoietin 
was performed with the GEL group at the original nerve procedure site.  
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A blinded pilot study was performed on the effect of a localized application of epoetin alfa 
(erythropoietin analog, EPO) injected by the GEL neural procedure site on post procedure days 150-
160. Other drugs were administered by subcutaneous injections, rather than oral gavage. Oral 
gavage in this model is very difficult and more stressful for the rats as their pain behaviors become 
more established over months, based on prior experience with skilled technicians. ARRIVE 
guidelines for reporting on animal research were followed; these are included in the S5 supplement. 
 
 
Sample size 
 
The study was designed to test the null hypothesis (56) that a GEL procedure does not differ from 
the controls during 5 months after procedure on the dependent variables of paw withdrawals in 
response to von Frey fibers, a camel-hair brush, and pinprick. The alternative hypothesis was that, 
over time, there is a difference between the groups. The experiment was designed to discover the 
smallest biologically important effect, optimizing the number of animals used (57). Base sample 
sizes of 8 per group were selected in order to provide 95% power to detect a difference of 1 paw 
withdrawal on average between the GEL and control groups with a Type I error rate of .05 if the 
standard deviation in response to the lightest von Frey fiber was 0.5 paw withdrawals. An additional 
3 animals per group were added to compensate for a possible loss of sample size during a 5-month 
study, and an additional 4 animals were added to the GEL group for aging, illness, technical 
complications, and a pilot study with local EPO. A total of 37 rats were received with 36 rats 
enrolled. One rat (no. 9) was removed during baseline tests, for abnormal behavior before blinded 
group assignment. With the only constraint being the final sample sizes, the animals were otherwise 
randomly assigned to one of the three groups before the procedures were performed. The 
investigator performing the behavioral testing was blinded to the rats groups before the initial 
procedures, and the locations of the animals on the rack were randomly changed every 10-14 days. 
Final sample sizes: GEL n=14, control n=11, sham n=8; total 36 enrolled after baseline testing with 
33 finishing study. Three rats were removed from study for complications (S2 Dataset). 
 
 
Experimental procedures 
 
Percutaneous procedure for GEL and sham 
 
During Isoflurane anesthesia the percutaneous procedures were performed. The hydrogel used in the 
GEL group was the proprietary biological NeuroDigm GEL™, that is composed of purified 
biocompatible biological by-products and peptides of mammalian soft tissue, as found in the 
perineural tissue milieu after a soft tissue injury (NeuroDigm Corp.; GEL™ an acronym for Gel 
Effect Lesion). Such gels are used in human surgeries, dermal procedures, and wound healing, with 
rare reactions of acute inflammation. These purified gels are considered to be antigenic and 
absorbable. The hydrogel we used was introduced within the left (ipsilateral) tibial neural tunnel 
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below the popliteal area at mid lower leg, with aseptic technique. First, the skin was pierced with a 
sterile 19 gauge needle tip, then a sterile custom tapered blunted 23 gauge metal probe was used, to 
gain access to the tibial nerve tunnel and to introduce either 0.3 cc of GEL or 0.3 cc of Ringer’s 
Lactate adjusted to a pH of 7.4 (sham). This method for several nerves is described in U.S. patents 
7015371, 7388124. The point of percutaneous entry was over the Achilles tendon distally 
proceeding subcutaneously proximally, then the probe pierced the fascia between the distal origins 
of the medial and lateral gastrocnemius muscle and entered the anatomic tunnel posterior to the 
tibialis posterior muscle and medial to the soleus, where the tibial nerve courses. Upon entering the 
neural tunnel, the 23 g probe was softly glided in avoiding resistance or nerve contact. In the mid-
tibial tunnel of the lower leg 0.3 cc of the GELTM or the shams’ Ringer’s lactate was deposited, and 
then the probe was withdrawn (58).  
 
 
Procedure to elicit neuropathic pain behavior 
 
The primary experimental outcome measure used was the elicited behavior of paw withdrawal to 
selected stimuli. These outcome measures of light touch and pinprick were chosen since they are 
easy to use in humans. For static mechanical allodynia (hypersensitivity to light touch) von Frey 
filaments (Semmes Weinstein Mono-filaments North Coast Medical TouchTest®) exerting forces of 
2 grams, 6 grams and 10 grams were used. Dynamic mechanical allodynia was tested with a fan 
sable brush (09004-1002; Dick Blick Art Materials). Mechanical hyperalgesia (exaggerated reaction 
to a painful stimulus) was tested with a custom sharp non-penetrating plastic point calibrated to 
elicit 2-4 paw withdrawals at baseline. On routine behavior testing paw withdrawals to each of the 5 
stimuli were recorded. The stimuli were applied in the order of: von Frey 2g, 6g, 10g, brush and 
lastly pinprick. Each von Frey stimulus was applied to the mid plantar hindpaw for approximately 
one second until the fiber bent, then the fiber was removed. The brush was stroked gently from rear 
to front hindpaw, and the pinprick stimulus tip was touched to the mid hindpaw until the paw 
withdrew or the skin visibly indented. Each stimulus lasted about one second. Each stimulus was 
applied 8 times to the hindpaws bilaterally; contralateral first, then ipsilateral. Time between each 
stimulus application was usually 2-4 seconds or longer. For each stimulus the total number of 
hindpaw withdrawals was recorded as a data point. 
 
 
Primary Outcome measure 
 
The primary outcome measure for neuropathic pain used in this study was the elicited behavior of 
paw withdrawal to stimuli for mechanical allodynia and mechanical hyperalgesia. Hypersensitivity 
to the stimulus of non-noxious light touch or mechanical allodynia was tested with 3 measured 
forces of von Frey filaments of 2 grams, 6 grams, and 10 grams and a soft fan shaped brush. 
Mechanical hyperalgesia or the exaggerated response to normally painful stimulus was tested by 
pinprick, with a custom calibrated non-penetrating sharp plastic tip. These outcome measures of 
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light touch and pinprick were chosen, since they are easy to use in humans. 
 
 
Analgesics administration 
 
The analgesics were administered by subcutaneous injection, with a custom administrator-held 
restraint device to reduce handling and stress. Morphine (West-Ward) was mixed with normal 
saline and administered at a dose of 3 mg/kg one hour prior to screening the analgesic. The vehicle 
used in mixing the following drugs was 0.25% methylcellulose (Methocel® A4M Premium LV 
USP), drugs were mixed 24-48 hours prior to use. Celecoxib (Cayman Chemical) was dispensed at 
a dose of 10 mg/kg one hour prior to screening; gabapentin (Cayman Chemical) was dispensed at a 
dose of 25 mg/kg two hours prior to screening; and duloxetine (Cayman Chemical) was mixed 
(mechanically agitated) and administered at a dose of 10 mg/kg two hours prior to screening. Drug 
testing was an open label study, and groups were blinded. Injected volumes were less than 2.2 cc. 
 
The original doses chosen for gabapentin and duloxetine had adverse effects in this study, 
interfering with the testing of pain behaviors. Gabapentin at 60 mg/kg had marked ataxia in all rats, 
with their hindpaws not staying on testing screen, due to lumbering gait and falls. Duloxetine at 30 
mg/kg was noted for marked “frozen” hypoactive posture, with increased tone and alertness (no 
central sedation) to normal handling and testing. After duloxetine was given, paw withdrawals were 
not elicited with any stimuli in any group, including the controls. Due to these adverse effects, 
lower doses were tested and used, as described above. These lower doses had no observed drug side 
effects and improved the ability to test paw withdrawals (59). 
 
 
Erythropoietin treatment injection 
 
In the pilot study, an erythropoietin analog, epoetin alfa (Amgen), was locally administered under 
Isoflurane anesthesia as described for GEL and Sham procedures. The EPO was diluted with normal 
saline, and 200 units (0.3 cc vol.) was the administered perineural infiltration dose. The dose was 
administered with a 27 gauge 1” needle near the original GEL procedure site on the left leg 
(ipsilateral). The original approach on 5 rats at the GEL site was posterior to anterior at mid tibia 
through the bellies of the gastrocnemius muscle aiming for the tibial nerve tunnel; 2 rats, with no 
decrease in paw withdrawals from the original method of injection after 2 testing days, had an 
adapted lateral approach through the lateral gastrocnemius muscle targeted to the mid tibial tunnel 
at lower leg, to improve localization of the perineural infiltrate near the GEL procedure site. 
 
 
Other parameters 
 
All testing and procedures were performed in the same room as the rats were kept in, with the other 
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rats present. Each rat was tested singly for all behavior testing. The behavioral testing was 
performed usually between 1 PM and 11 PM. A CO2 induction chamber was used for euthanasia, 
followed by an intra-thoracic puncture. Animal welfare observations of behavior, coat and 
movement were checked daily. Monitoring for signs of infection, water, and food use were 
monitored at least twice a week. Weights were monitored every 4 weeks, or every 2 weeks as 
indicated.  
 
 
Histology 
 
At the conclusion of the study, three rats were chosen randomly from each of 3 groups: 1.) GEL 
procedure rats 2.) Sham procedure rats of the 5/8 that displayed late onset robust pain behaviour, 
and 3.) controls. The GEL group had 2 rats that were controls in the EPO pilot study, and one that 
had received a subcutaneous EPO injection, with no change in pain behaviour noted. The animals 
were anesthetised, and then perfused with rat Ringers solution, followed by perfusion fixation with 
4% paraformaldehyde in Phosphate Buffered Solution (PBS). Following fixation, the lower limb on 
the operative side was grossly dissected, to reveal the gastrocnemius muscle thus providing a 
landmark for locating the tibial nerve. Once identified, the distal tibial nerve (below the popliteal 
area) was dissected free of the surrounding muscle and fascia, and placed into ice-cold 4% 
paraformaldehyde in PBS for overnight incubation. The following day the paraformaldehyde was 
replaced with 30% sucrose to cryoprotect the tissue. The cryoprotected samples were embedded in 
Tissue-Tek OCT (Sakura Finetechnical, Japan) and frozen on dry ice. Cryosections (10μm) were 
then prepared and mounted onto SuperFrost/Plus slides (Fisher Scientific, Rockford, IL). Sections 
were then fixed in 10% Neutral Buffered Formalin for 10 minutes, washed for 5 minutes in 1X PBS 
to remove OCT, and rinsed with tap H2O. Subsequently, sections were then stained in Hematoxylin 
(Fisher Scientific) for 5 minutes and rinsed with tap H2O, differentiated in acid alcohol (1% HCl in 
70% EtOH) for 30 seconds and rinsed extensively with tap H2O, blued in 0.2 % aqueous ammonia, 
rinsed with tap H2O, and stained with Eosin (Fisher Scientific) for 1 minute. Sections were then 
dehydrated by sequential submersion in graded EtOH for 5 minutes in 75%, 95%, 100%, and a final 
submersion in xylene. The slides were air dried before mounting the slides with Permount (Fisher 
Scientific) and adding coverslip. Sections were viewed and the images captured on a Nikon 80i 
microscope, outfitted for digital light micrographs. 
 
 
Statistical methods 
 
Pain behavior statistical analyses 
 
As described in detail in the results section, the data were inspected for compliance with the 
assumptions of ANOVA. Two areas of concern were noted, particularly the heterogeneous 
variances in the pinprick data and the very large number of pairwise comparisons that could be 
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compared. The former occurred because (a.) GEL animals that developed pain symptoms tended to 
score a maximum number of withdrawal responses (8) out of the possible number of stimuli 
presented (8) leading to some cells with very small or zero variance in the GEL group only, and (b.) 
the animals in the Sham group were not homogeneous in their response to the sham treatment and 
this greatly increased their variance. We proceeded with the ANOVA for pinprick because of the 
convenience of describing interaction effects and for comparison with the allodynia data. We note 
that the pinprick variable was the least likely to generate errors of inference because of the very 
large effects and consequent minuscule obtained p values. Individual sham data are plotted in a 
separate graph to illustrate the problem there. Type I errors were reduced by testing only planned 
comparisons among a relatively small number of means and by combining data where appropriate 
before analysis so that fewer comparisons would be made. 
 
Analyses of the paw withdrawals in response to von Frey fibers, the brush, or the pinprick on the 
routine test days were conducted using a mixed model ANOVA with one between groups factor (11 
controls, 14 GELs, and 8 shams) and two repeated measures factors. The first repeated measures 
factor was the time the data were collected, with an average baseline period of 4 days prior to the 
procedures and the five 30-day periods following the procedure, see Fig 1. In graphs these are 
referred to as Post-Procedure Monthly Periods 1 through 5 (P1, P2, P3, P4, P5). For analyses, the 
data point for each animal in each monthly period was the mean of at least 4 routine pain behavior 
testing days during that month. The second repeated measures factor for the von Frey fiber analysis 
was a composite factor combining the 3 levels of fiber force (V1, V2, V3) and the 2 sides for a total 
of 6 levels of different forces tested on bilateral hindpaws. Differences owing to fiber force and 
sidedness were determined by comparing means with planned comparisons. The second repeated 
measures factor for the brush and pinprick were the bilateral hindpaws. In the overall ANOVA, a p 
value of <.05 was considered significant. Except as noted for the von Frey analysis, planned 
comparisons were conducted using Fisher's Least Significant Difference test after a global ANOVA 
was determined to be significant at the .05 level with a two-tailed test. The S2 Dataset Supplement 
was used in all studies. 
 
 
Analgesic statistical analyses 
 
Experiments were conducted with four analgesic drugs administered shortly before the usual testing 
with von Frey fibers, the brush, and the pinprick. The four drugs were each tested 3 times during the 
post procedure period from Day 28 to Day 149. The effects of the analgesic drugs were analyzed on 
two dependent variables instead of five (allodynia measures summed together as one variable and 
the hyperalgesia measure of pinprick as the other). The data were analyzed using a mixed model 
ANOVA with the three experimental groups as a between-subjects factor and side (left or right) and 
days (three pairs of pre-drug and analgesic drug days) as repeated measures factors. The effect of 
the analgesic drug in each pair of days was analyzed using planned comparisons. These 
comparisons used Fisher's Protected Least Significant Difference test if the corresponding F-ratio 
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was significant or using a Bonferroni-protected contrast if the F-ratio was not significant. All tests 
used a two-tailed significance level of .05. S2 Dataset Supplement was used in all studies. 
 
 
Results 
 
Behavioral Observations 
 
The rats undergoing the GEL and Sham Procedures with the isoflurane anesthesia recovered in their 
cages. They were visually monitored for behavior one hour after procedure. All rats had recovered 
from anesthesia within 5 minutes and were walking normally without altered gait. Following 
recovery from anesthesia the subjects did not demonstrate observable pain behaviors (60) or clinical 
evidence of tissue injury. Throughout the duration of the study all the rats were observed to have 
normal gait and were without deformities. Their grooming activities were normal. 15/33 rats had 
markedly increased paw withdrawals to pinprick, von Frey fibers and brush by day 23 post 
procedures; the paw withdrawals to pinprick became more exaggerated over the remaining months. 
By post-procedure day 60 19/33 rats had developed marked paw withdrawals. The most common 
reaction seen after the hyperalgesia had developed for one month in all affected rats was a reflexive 
“jump” with most paw withdrawals. Other reactions appearing after a month included prolonged 
shaking and or licking of their affected ipsilateral paw. Similar reactions occurred on testing the 
contralateral side as pain behavior appeared. No chewing of the paws occurred. Behavioral 
screening for allodynia and hyperalgesia started on Post-Procedure Day 2 and continued until Day 
149. Each drug was screened 3 times during this period for its analgesic effect on response to 
stimuli (Fig 1). Results are presented below with the statistics; also see S3 Anova Supplement for a 
comprehensive description of the basic pain behavior statistical results without drugs or EPO. 
 
The rats had a marked increase in pain behaviors to handling prior to subcutaneous analgesic 
injections after 1st analgesic testing period. Such behaviors included vigorous writhing, limb 
clawing, and attempted biting. These behaviors likely represent evoked pain behavior, and may 
suggest the presence of spontaneous pain. 
 
 
Results of behavioral data: 
 
Pain behavior analyses   
 
Before attempting a statistical analysis, we plotted the raw routine days data (without analgesics) for 
each group for inspection. The very small effects observed with the allodynia data (each of 3 von 
Frey fibers and the brush) indicated that an individual routine days mean in the GEL group could 
not reliably be expected to differ from the control group. In order to observe more reliable 
differences, the data could be combined in one or both of two ways. First, the scores for all four 
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allodynia measurements could be summed together to make a summary variable (i.e., summing data 
for all 3 von Frey fibers and the brush into a single number representing allodynia). Second, 
different days of testing could be summed together for an individual variable (such as data for each 
individual von Frey fiber summed together over 4 testing days to make a monthly average). These 
methods have different advantages. Plotting each day’s data is useful for determining the precise 
timing of when effects emerge during the long period of testing. Plotting monthly data is useful for 
observing the small effects that are apparent even with the individual von Frey fibers. Information 
about effect sizes will be presented for the routine days data of the summed variable (von Frey plus 
brush), and formal statistical analysis will be applied to the much smaller number of means in the 
monthly data for each individual variable. 
 
 
Days of data pattern of allodynia and hyperalgesia after GEL procedure 
 
The data for all routine testing days (no analgesics given) for the combined allodynia variable (von 
Frey plus brush, top) and for the pinprick (bottom) is presented in Fig 2 below. The most obvious 
effect is the increase in pain behaviors in response to the pinprick, a measure of hyperalgesia, in the 
GEL group on both the ipsilateral and contralateral sides. The pinprick hyperalgesia effect occurred 
in every rat subjected to the GEL procedure. Although the pinprick responses required about 23 
days to develop, the symptoms, and therefore the opportunity to study those symptoms, persisted for 
months and showed no sign of waning by the end of the experiment. Under conditions of a null 
effect, each of two groups would be expected to have a greater mean than the other about 50% of 
the time. However, the last day on which the control group had an absolutely greater mean was 
post-procedure day 5 on the ipsilateral side and day 23 on the contralateral side.  
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Fig 2. All days of data without analgesics, with the sum of all paw withdrawal responses to the 
three von Frey fibers and the brush (top) and for the responses to the pinprick (bottom). The 
summed allodynia measures on the ipsilateral side were more consistently different on a routine test 
day basis than any of the individual allodynia measures. Allodynia effects on the contralateral side 
are not obvious with this type of presentation. Effects related to pinprick hyperalgesia were more 
robust and persistent than those for the allodynia measures. Shams are not homogenous: 5/8 with 
pinprick hyperalgesia, 3/8 similar to controls. 
 
 
Table 1 provides estimates of effect sizes for the GEL effect, which tends to increase with time. The 
standardized effect size was calculated as the difference between the means of the GEL and control 
groups on that day divided by the pooled standard deviation of the two groups. These can be used to 
plan future experiments depending on which interval after the procedure will be studied. Minimum 
sample sizes are provided to yield at least 80% power in a two-group, two-sided t-test with a Type I 
error rate of .05. Larger sample sizes are required to study allodynia than to study hyperalgesia. 
More complex designs, such as this one, which include many repeated measurements and multiple 
groups, will have more error degrees of freedom for the comparisons than a simple t-test, and will 
not require such large sample sizes for the allodynia measures. 
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Table 1. Effect size (ES) data for hyperalgesia and allodynia on a routine days basis 
on all routine test control days for the control (C) and GEL (G) groups. 
 
Effect 

 
Ipsilateral 

 
Contralateral 

 
Calculated n 

                                                 
                                               Hyperalgesia (Pinprick) 
Last day C > G        5       23 NA 
ES > 1.94 SDs day 23-149 day 72-149 6 
ES > 2.83 SDs day 46-149 day 92-149 4 
ES > 3.50 SDs day 72-149 day 106-149 3 
                                           
                                          Allodynia (von Frey plus brush) 
Last day C > G        19       149 NA 
ES > 0.71 SDs day 23-149 --  32 
ES > 0.86 SDs day 112-149 --  22 
ES > 0.91 SDs day 119-149 --  20 
    
Included are the last day that the Control group mean exceeded the GEL group mean, the 
inclusive days that the size of effect for the GEL group exceeded the control group by 
1.94, 2.83, or 3.50 standard deviations (SDs). ES is the difference between the group 
means divided by the pooled standard deviation of the two groups. The calculated n is the 
sample size required to detect a difference between GEL and control groups of the given 
size for the hyperalgesia or allodynia variable on a routine test day basis in an 
independent-samples t-test with 80% power and a two-sided alpha of .05. Allodynia was 
not consistent on the contralateral side. See routine test day means in Fig 2. NA, not 
applicable.  
 
 
Using this data, the most efficient time to start analgesic screening is on day 23 or later with a group 
of n = 6 rats using pinprick (mechanical hyperalgesia) on the ipsilateral side. The effect size for 
hyperalgesia on the ipsilateral side was persistent at more than 1.94 standard deviations from day 23 
until the end of the main experiment on day 149. Smaller effects of GEL were observed for the 
combined allodynia variable (von Frey plus brush) than for hyperalgesia with the pinprick, but, 
unlike the data for the individual von Frey and brush variables, the combined variable showed clear 
and persistent differences between the GEL and control groups on the ipsilateral side for each 
testing day. This is important for our subsequent experiments with analgesics. The effect of the 
GEL is not constant across time, so, when testing the effect of an analgesic on a single day with a 
control value from the same animal, the response must be compared to a control day very close in 
time to the day the analgesic is given rather than to the average of all control days. To do this 
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successfully, each control day must show a positive effect of the GEL treatment, and this was not 
true on every day for the individual von Frey fibers or the brush alone. Consequently, we opted to 
use the combined von Frey plus brush data for all comparisons between individual analgesic and 
control days (see the section, Results Experiments with analgesic drugs:), and statistical analysis of 
those days is provided there.  
 
In order to provide a formal statistical analysis of the individual allodynia variables without 
summing them together, we instead averaged all days (at least 4) within each month that the animals 
were tested without analgesics to remove some of the test day variability, stabilize the means, and 
estimate effect sizes, these analyses are presented in the following sections. 
 
 
Mechanical allodynia: von Frey analysis  
 
The data are given in Fig 3 for the three groups over all periods for all three fibers applied to both 
the ipsilateral and contralateral sides. The highest-order interaction of the ANOVA was significant 
(F (50, 750) = 2.21, p < .001). The control group never significantly exceeded the baseline value in 
any monthly period on either side. Asterisks in the Figure mark the means of the GEL procedure 
group that significantly exceeded both the GEL group's baseline value and the control group's mean 
for the same period. 
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Fig 3. Increased pain behavior of allodynia to light touch with von Frey fibers only seen in the 
GEL rats, bilaterally; on the left with 2g, 6g and 10g fibers, and on the right with 6g and 10g. 
This allodynia decreased after 3rd month in all fibers with this effect. These graphs depict von 
Frey results for paw withdrawals ipsilateral and contralateral to GEL procedure for three fiber 
forces over 5 monthly post procedure periods (P1-P5). Mean and S.E.M. *p < .05 GEL group 
greater than both GEL group baseline and control group for same period. Reduced responding in 
the GEL group during period 5 may reflect habituation.  
 
 
Mechanical allodynia: Brush analysis 
 
The GEL group had the more robust prolonged pain behavior, of dynamic mechanical allodynia to 
brush stimuli with increased paw withdrawals, only on the ipsilateral side. This pain behavior 
peaked by the 3rd month then waned returning to near baseline by the 5th month. The shams had 
similar pain behavior plateauing by the 4th month persisting until the 5th month at end of study. The 
response of the shams with the onset of the pain behavior of mechanical allodynia during the 3rd 
month that persisted was not anticipated. The data for the ipsilateral and contralateral paws are 
presented in the upper part of Fig 4. The highest-order interaction was significant (F (10, 150) = 
1.943, p = .044). The control group never exceeded the baseline value in any monthly period on 
either side. Asterisks in Fig 4 mark means of the GEL group that were significantly different from 
both the GEL group baseline and the mean of the control group during the same period. 
 

                           
 
Fig 4. The GEL and sham groups had dynamic allodynia or hypersensitivity to the brush only 
on the ipsilateral hindpaw. These graphs depict brush results for paw withdrawals ipsilateral and 
contralateral to procedure over 5 monthly post procedure periods (P1-P5). Mean and S.E.M. *p < 
.05 GEL group greater than both GEL group baseline and control group for same period. Reduced 
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responding in GEL and control groups during period 5 may reflect habituation, that is not present 
in shams, as their allodynia increased in P4-P5. 
 
 
Mechanical allodynia: Combined von Frey and brush analysis 
 
With the combined light touch stimuli, the GEL group had the more robust prolonged pain 
behavior, of all mechanical allodynia with increased paw withdrawals, bilaterally. This pain 
behavior peaked by the 3rd month then waned returning to near baseline by the 5th month. The shams 
had similar allodynia pain behavior on the left ipsilateral side that peaked by the 4th month and 
persisted until the 5th month at end of study. The controls had a slight increase of combined 
allodynia during the 3rd month.  
 
Fig. 5 provides an overview of all allodynia measures by presenting the sum of the paw withdrawals 
for all three von Frey fibers and the brush combined. Effects are more pronounced in the summary 
variable than in the individual variables. In this study, the effect sizes owing to GEL procedure on a 
monthly basis were .88 standard deviations above the control group in month one and at least 1.5 
standard deviations thereafter. Hence, multiple measures summed together and then averaged over 
several days stabilized the means, reduced the variability, and increased the standardized effect size 
compared with the day-to-day data in Fig. 2 and Table 1. A tendency to a decrease in responding in 
the last 2 months is apparent in both the control and GEL groups, although the effect between those 
groups was maintained at 1.9 standard deviations in post-procedure period 5. By contrast, the sham 
group instead increased responding during months 4 and 5. 
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Fig 5. Mechanical allodynia, to the combined (all) light touch stimuli of von Frey and brush, is 
predominantly in the GEL group, bilaterally, left more pronounced than the right. The shams 
begin to develop allodynia by the 4th month on the left procedure side. Reduced responding in 
GEL and control groups during period 5 may reflect habituation, that is not present in shams. 
 
 
Mechanical Hyperalgesia: Pinprick analysis 
 
The GEL group had the earliest and most persistent pain behavior, of mechanical hyperalgesia with 
increased paw withdrawals to pinprick, bilaterally. The hyperalgesia was first present on the left 
side and within a few weeks present on the right side. This pain behavior was vigorous after the first 
month and persisted robustly for 4 months, until the end of the study. The shams had similar 
pinprick pain behavior bilaterally that peaked by the 4th month and persisted until the 5th month, at 
end of study. The controls had no pinprick pain behavior during the study. 
 
The data for pinprick are presented in Fig 6. The highest-order interaction was significant (F (10, 
150) = 4.592, p < .001). The control group never deviated from its own baseline value in any post-
procedure period on either side. By contrast, the GEL group on the ipsilateral side was significantly 
greater than baseline during all 5 post-procedure periods, and the GEL group on the contralateral 
side was significantly greater than baseline during periods 2 through 5.  
 

                       
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 18	

Fig 6. The GEL and later the sham groups develop mechanical hyperalgesia to pinprick 
bilaterally. 2-3 weeks following the onset of this pain behavior on the left, the same pattern of 
pain behavior begins to develop on the contralateral side. The graphs depict the sum of all paw 
responses to pinprick on the ipsilateral and contralateral sides during the 5 monthly post-procedure 
periods. Shams are not homogenous: 5/8 with pinprick hyperalgesia, 3/8 similar to controls. No 
habituation effect was noted. 
 
 
Between-group comparisons for pinprick indicated that the three groups were not significantly 
different during the baseline period on either the contralateral or ipsilateral side. On the GEL 
procedure ipsilateral side during the post-procedure periods, the GEL group significantly exceeded 
the means of the control groups during all 5 periods. On the contralateral side, the GEL group 
significantly exceeded the means of the control group during periods 2 through 5. 
  
 
Individual data for sham group 
 
Retrospectively, we noted that 5 of 8 sham procedure animals developed pain behavior bilaterally, 
similar to the GEL animals, in post-procedure monthly periods 4 and 5 (after 3 months); and the 3 
remaining sham rats behaved similarly to the control group.  
 
The foregoing analysis did not stress any effects that might or might not be different between the 
GEL and sham groups. The reason for this is that the sham group itself was not homogeneous in the 
responses of the animals to the sham procedure. Individual data for the sham animals are presented 
in Fig 7. The data on the shams, in all the pain behavioral studies and in the analgesic screening, 
included the results from all eight shams. 
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Fig 7. 5/8 shams had bilateral pinprick mechanical hyperalgesia during the P3 month 
persisting until end of study. Pain behavior on right developed 2-3 weeks after the left. Graphs 
depict sum of paw withdrawals for eight individual shams; the sum of all responses to von Frey and 
brush stimuli (top) or to pinprick (bottom) over baseline and for 5 months. The remaining 3 animals 
resembled the control group. In P4 and P5 for ipsilateral allodynia there is also complete 
separation between the 3 behaving like controls and the 5 behaving like GEL. 
 
 
Summary of pain behaviors 
 
For the GEL procedure group, we found that the gradual pattern of development of ipsilateral pain 
behaviors was usually followed with the gradual onset of contralateral pain behaviors within 2-3 
weeks. All the light touch mechanical allodynia responses had a gradual onset after the first month, 
decreasing slowly after the third month (P3). Once the pinprick hyperalgesia developed in the GEL 
group it became robust and persisted until the end of the study. The sham procedure also gradually 
induced the pain behavior of pinprick similar to the GEL procedure in 5 of 8 rats on the ipsilateral 
side after day 72, followed by the contralateral side after day 90. The affected shams (5/8) with 
elicited pain behavior of mechanical hyperalgesia became robust persisting until the end of the 
study. The control group developed no pain behaviors. 
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Results of experiments with analgesic drugs: 
 
To control for the effects of time, it was important to compare the data for each analgesic’s 
screening day to a single pre-drug control day, prior to the drug’s administration. As illustrated in 
the top part of Fig 2 an effect on the GEL group’s ipsilateral side was apparent on individual control 
days, when the paw withdrawals for all four allodynia measures were summed together into one 
variable. For that reason, we analyzed only the composite allodynia variable and the pinprick for 
responses to analgesics. The data for each analgesic drug are displayed in the figures as bars for the 
mean response, with the analgesic drug on a particular day (the days listed in the x-axis label) 
paired with the control data from the GEL group’s routine test day one to four days prior. 
Throughout the following analyses, the mean number of paw withdrawals in the GEL group on the 
ipsilateral side was significantly greater than that of the control group on all pre-drug days for both 
the von Frey plus brush variable and for the pinprick. On the contralateral side, the GEL group was 
significantly greater than the control group on the pre-drug days corresponding to all analgesic days 
for the pinprick and on most days for the allodynia variable.  
 
 
Morphine  
 
Morphine at 3 mg/kg had an escalating loss of effectiveness bilaterally, which was not due to 
tolerance as each of the 3 doses were at least 30 days apart. This dose is equivalent to 216 mg 
capsules a dose for a 160 pound (72.6 kg) human, an uncommon and likely lethal dose in patients. 
The data for the morphine days for the von Frey fibers and brush are presented in the top half of Fig 
8. The ANOVA revealed that all main or interaction effects were significant at the .05 level 
including the three-way interaction (F (10, 150) = 2.322, p = .014). Morphine caused significant 
decreases in responding compared with pre-drug day on both the ipsilateral and contralateral side 
only on day 28 as denoted by asterisks in the figures. In three instances, morphine actually 
increased pain responses, as denoted by red plus symbols. These were the only significant increases 
in pain behavior caused by an analgesic in the entire dataset for 4 analgesic drugs. The data for 
pinprick are presented in the bottom half of Fig 8. The ANOVA revealed that all main and 
interaction effects were significant including the three-way interaction (F (10, 150) = 2.655, p = 
.005) and significant decreases are denoted by asterisks. The shams and controls also suggest an 
escalating pattern of stimuli sensitivity after morphine with pinprick. 
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Fig 8. Morphine. Only (D28) morphine has marked analgesia with pinprick (bottom) and light 
touch allodynia (top) across all groups, bilaterally. Morphine became less analgesic in last 2 
testing periods D64 and D108, suggesting a developing opioid-induced hyperalgesia, rather 
than tolerance. The graph depicts the sum of paw withdrawals on pre-drug control days (black) 
and on paired Morphine dose days (white). Results show the sum of all light touch allodynia 
measures (top graphs) and the pinprick hyperalgesia (bottom graphs). Mean and S.E.M. 
*Significant decrease from the paired control day, p < .05. + Significant increase from the paired 
control day, p < .005. 
 
 
Morphine was effective early after the GEL procedure, but the size of the effect waned with time on 
both sides. For example, in the GEL group on the ipsilateral side for the allodynia measures, the 
standardized effect size between the control day and the morphine day changed from a positive 
analgesic effect of 1.30 pooled standard deviation units on day 28 to no effect on day 64 to a 
negative effect of -1.25 pooled standard deviation units on day 108. For the pinprick measure, effect 
sizes were conservatively estimated using the standard deviation for the morphine condition only 
instead of the pooled standard deviation because of the reduction of the variability as the responses 
approached a ceiling of 8 paw withdrawals out of 8 pinpricks. The analgesic effect size waned from 
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4.14 standard deviations on day 28 to 0.64 standard deviations on day 108. A reversal of the effect 
was not possible for pinprick because the pain response was already maximal on the pre-drug day. 
 
 
Celecoxib  
 
There was no analgesic effect of Celecoxib at 10 mg/kg in any group on any day on either side. This 
dose is equivalent to 720 mg for a 160 pound (72.6 kg) human; a commonly used dose in patients is 
200 mg. Celecoxib did not decrease pain behaviors, as demonstrated with a decrease in paw 
withdrawals. This dose is equivalent to three 600 mg capsules a day for a 160 pound (72.6 kg) 
human, a commonly used dose in patients. Data for the celecoxib days for the von Frey fibers and 
brush are presented in the top half of Fig 9. The ANOVA revealed significant main effects of 
groups, side, and drug response and a significant group by side interaction (F (2, 30) = 22.92, p < 
.001). None of the other interaction effects was significant. There was no effect of the celecoxib 
dose on either side in any group by Bonferroni-protected planned contrasts. The data for pinprick 
are presented in the bottom half of Fig 9. The ANOVA revealed that all main and interaction effects 
were significant, including the three-way interaction (F (10, 150) = 2.675, p = .005.  
 

Fig 9. Celecoxib. No analgesic effect of Celecoxib is demonstrated, no significant change in 
paw withdrawals. Graph Depicts sum of paw withdrawals on pre-drug control days (black) and on 
paired Celecoxib dose days (white). Results of behavior testing (white) show the sum of all four 
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light touch allodynia measures (3 von Frey fibers and the brush, top graphs) and for the pinprick 
hyperalgesia (bottom graphs). Mean and S.E.M. Celecoxib did not significantly reduce paw 
withdrawal responses on any pair of days. 
 
Gabapentin 
  
On all days on both sides in the GEL group gabapentin at 25 mg/kg robustly reduced paw 
withdrawal responses in Fig 10. This dose is equivalent to 1,800 mg, a few patients find this dose 
helpful, or three 600 mg capsules a day for a 160 pound (72.6 kg) human, a commonly used 
moderate dose in patients. Gabapentin also significantly reduced the level of responding in the 
control group on days 47 and 76 on both sides. The data for the gabapentin days for the von Frey 
fibers and brush are presented in the top half of Fig 10. The ANOVA revealed significant main 
effects and interaction effects except for the three-way interaction. It appears that the group-by-days 
pattern of responding was similar on the ipsilateral and contralateral sides, so the groups by days 
interaction term is the important one for analysis (F (10, 150) = 1.929, p = .045). When the data for 
the ipsilateral and contralateral sides were combined, we found that gabapentin robustly reduced the 
GEL group responding on all analgesic test days. For comparison to other figures, asterisks in the 
top half of Fig 10 represent significant decreases from the paired pre-drug day by Bonferroni-
protected planned contrasts. By this analysis, the comparison for day 114 on the contralateral side in 
the GEL group was not significant. The data for pinprick are presented in the bottom half of Fig 10. 
The ANOVA revealed that all main and interaction effects were significant including the three-way 
interaction (F (10, 150) = 2.029, p = .03 
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Fig 10. Gabapentin. Analgesia with reduced paw withdrawals on Gabapentin is seen in GEL 
group bilaterally with pinprick stimulus and on ipsilateral side with light touch stimuli of von 
Frey and brush. Graph Depicts sum of paw withdrawals on pre-drug control days (black) and on 
paired Gabapentin dose days (white). Results of behavior testing show the sum of all four light 
touch allodynia measures (3 von Frey fibers and the brush, top graphs) and for the pinprick 
hyperalgesia (bottom graphs). Mean and S.E.M. *Significant decrease from the paired control day, 
p< .05. Gabapentin also suppressed responding in the control group. 
 
 
Duloxetine  
 
In the GEL group, duloxetine at 10 mg/kg significantly reduced all pain behaviors bilaterally at all 
time periods. This dose is markedly less, yet more effective, than most prior rat doses (59), but still 
higher than a human effective dose of 1.7 mg/kg (60 mg bid for 160 pound man); studies with lower 
doses are needed in this model. The bilateral analgesia was similar in the sham group but exhibited 
only after the pain behaviors in them began developing after 2 months, and is seen on D83 and 
D125. Interestingly, duloxetine did not suppress normal responses to pinprick stimuli in the control 
group as the gabapentin did. The von Frey fibers and brush data for duloxetine are presented in the 
top half of Fig 11. The ANOVA revealed a significant three-way interaction (F (10, 150) = 1.99, p 
= .039). The data for pinprick are presented in the bottom half of Fig 11. The ANOVA revealed that 
all main and interaction effects were significant except for the three-way interaction. The groups by 
days interaction was significant (F (10, 150) = 11.358, p < .001), and the pattern of responding 
within the groups was similar on the ipsilateral and contralateral sides. Responding in the GEL 
group was robustly reduced by duloxetine on all days (Bonferroni-protected contrasts). 
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Fig 11. Duloxetine. In the GEL group, duloxetine reduced paw withdrawal responses 
consistently throughout the study, demonstrating analgesia to all stimuli bilaterally. A similar 
response was noted in the last 2 test days of the shams D83 and D125. Graph depicts sum of 
paw withdrawals on pre-drug control days (black) and on paired Duloxetine dose days (white). 
Results of behavior testing show the sum of all four allodynia measures (3 von Frey fibers and the 
brush, top graphs) and for the pinprick hyperalgesia (bottom graphs). Mean and S.E.M. 
*Significant decrease from the paired control day, p < .05. Duloxetine had less effect than 
gabapentin on the responses in the control group. 
 
 
Analgesic responses in sham group 
 
In general, the effects of the different analgesic drugs were similar in the GEL and sham groups 
whenever the sham group demonstrated pain behavior. Five of the 8 rats in the sham group 
eventually developed pain behaviors like the GEL group. Morphine demonstrated marked analgesia 
to the pinprick stimuli on the ipsilateral side on day 28, but not on later days. This correlates with 
the waning effect of morphine in the GEL group. Celecoxib did not affect responses in the sham 
group. As in the GEL group, both gabapentin and duloxetine demonstrated marked analgesia in the 
sham group. 
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Summary of analgesic effects 
 
Morphine depicted a waning analgesic response over time not related to tolerance, with increasing 
pain behaviors and suggestive of a developing opioid-induced hyperalgesia. Celecoxib had no 
analgesic effect on pain behaviors at any time. By contrast, gabapentin and duloxetine both 
produced robust analgesia bilaterally in the GEL group during all time periods and in 5/8 shams 
during the last two drug testing periods. The pain behaviors, when present in the GEL group after 
D23 and later in the shams after D90, respond to all analgesics similarly. 
 
 
Reversal of GEL effect with EPO 
 
The pain behavior that had persisted for 4 months was reversed for up to 7 days, (end pilot) by the 
targeted application of epoetin alfa in a pilot study at the end of the investigation. After the main 
experiment was over, the 14 GEL animals continued in a pilot study and received injections of 
epoetin alfa (EPO) 200 units in normal saline (NS) at the site of the original GEL procedure (n = 5), 
a subcutaneous EPO injection of 200 units in NS (n = 4), or EPO control (no injection, n = 5). Days 
140 and 149 after the GEL injection were taken as reference days and then EPO was injected as a 
perineural infiltration once in the EPO groups on day 152 only on the left leg. Two of the rats in the 
"at-site" EPO group received a second local EPO injection with a lateral approach on day 155 (seen 
as a + sign on the left paw results Fig 12). Pinprick data were collected on days 152, 153, 154, 156, 
159, and 160. The resulting data were analyzed using a mixed model ANOVA, with the EPO 
injection group as the between subjects factor (3 groups), and days as one repeated measures factor 
(8 days), and laterality as a second repeated measures factor (left and right paws). The data are 
presented in Fig 12. The three-way interaction was not significant, but the groups by days 
interaction was significant (F (14, 77) = 8.208, p < .001). As can be seen in the graph, the effect of 
EPO was nearly identical on the right and left sides and the effect was significant for the at least 7 
days. An ANOVA such as this should be interpreted with caution because of several cells with zero 
variance (there is a ceiling effect of 8 paw withdrawals out of 8 stimulus presentations of pinprick).           
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Fig 12. Pain behavior decreased bilaterally after EPO was injected at the GEL site (n = 5) on 
Day 152 only on the left leg. After a perineural infiltration of EPO (200 units in NS) the paw 
withdrawals to pinprick (hyperalgesia or hypersensitivity) decreased bilaterally to near pre-GEL 
procedure levels. The groups of “No EPO” (n = 5) and “EPO SC” injected subcutaneously (n = 4) 
continued with robust pain behavior bilaterally. The + on day 155 signifies two GEL rats still with 
pain behavior that had the GEL site on left re-injected with EPO with a different anatomic 
technique, as described, which caused a decrease in their paw withdrawals to pinprick. *p < .001 
EPO at Site Group vs No EPO.  
Results of histology  
 
The tissue sections were observed blindly in 3 rats randomly selected from each procedure group by 
an independent neuropathologist. These observations were later matched to each of their respective 
groups: GEL procedure, sham procedure, and the controls (no procedure). In brief, there were no 
differences noted in the tissue sections between the control and the sham-treated animals, and no 
abnormal findings in either group. The structure of the nerve and surrounding tissue was completely 
unremarkable (Fig 13). 
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Fig 13. Normal tibial nerve histology in both the control and sham procedure groups. 
Longitudinal sections through the control (a.) and sham (b.) procedure groups revealed normal 
appearing nerves. The surrounding muscle tissue that was harvested with the nerve also appears to 
be within normal limits. 
 
 
The histology of the nerves within the GEL treated group was in stark contrast to either of the 
control groups. The gross appearance of the nerves at the time of dissection revealed a discrete area 
of swelling, or a bulge, along the course of the distal tibial nerve, in all specimens of the GEL group 
only. These discrete structures were about twice the diameter of the nerve just distal and proximal 
the outcropping. Longitudinal sections through the portion of the tibial nerve that contained these 
bulges revealed that the swelling is the result of changes within the endoneurium, including 
evidence of intraneural edema with increased spacing between the neural fascicles, and axonal 
edema in the fibers within the bulge region (Fig 14 a. and b.). In addition, there were numerous 
profiles in which ongoing axonal fragmentation, a hallmark of Wallerian degeneration, was evident 
(see arrows in Fig 14 a’ and c.) (61).  
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Fig 14. Edema and Wallerian degeneration in the nerves of GEL procedure rats. Panels a. and 
b. reflect the gross swelling seen in the tibial nerves upon dissection. The bracket in panels a. and b. 
denote the areas of swelling in the GEL nerves. The axons within the swollen area are themselves 
swollen. The diameters of the axons in this distended area of the nerve are approximately twice the 
diameter of the contiguous axons proximal or distal (not shown) to it. The arrowheads point to 
axonal debris in Panel a’, which is a magnification of the area within the box in panel a. 
Macrophage-engulfled myelin and axonal debris (panel c., arrows) is further evidence of ongoing 
Wallerian degeneration.  
 
 
Consistent with ongoing Wallerian degeneration, we observed numerous macrophages within the 
endoneurium, which phagocytize myelin and axonal debris (Fig 15 a. and b. large arrows), we also 
noted a significant leukocyte accumulation in and around the perineurium (Fig 15 b. thin arrows).  
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Fig 15. Simultaneous Wallerian degeneration and regeneration is evident in the GEL group 
nerves. Intraneural (large arrows a. and b.) and perineural leukocytic (small arrows, b.) 
infiltration is seen in the GEL group nerves. Notably, there are numerous profiles of regeneration 
axons in the same nerve, (panel c. and c’) at the same proximal/distal level, suggesting ongoing 
nerve remodeling in the GEL procedure animals. Panel c’ is a higher power magnification of the 
clusters of small, unmyelinated axons within the box in panel c.    
 
 
Findings consistent with gel residual were not noted in the GEL specimens. In addition to the 
ongoing Wallerian degeneration observed in the GEL animals, we also noted ongoing axonal 
regeneration. There were clusters of small, unmyelinated or lightly myelinated fibers growing into 
the nerves of the GEL cohort only. The grouping of these small fibers is consistent with 
regeneration, rather than the randomly single arrayed unmyelinated fibers that are found in the 
healthy, homeostatic adult nerve (62).  
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A factor influencing pain behavior testing 
 
A reportable factor discovered during this study, relates to the influence of hormone replacement of 
the experimenter on the elicited response to stimuli. On each pain behavior screening day, after the 
first 6 random rats had routine pain behaviors screened, the results were compared to the prior 
session of each rat, to observe for environmental influences. In nine such early screening 
comparisons, paw withdrawals were markedly less to nonexistent bilaterally in the 6 rats 
prescreened as compared to their prior screening session. Thirty minutes after the topical 
application to the investigator of a 17-beta-estradiol replacement cream, the screening was repeated 
on the same 6 rats in each screening, and their elicited pain behaviors were then consistent with the 
data collected during the prior testing period. On unblinding, this effect was not related to groups. 
Even baseline pre-procedure behaviors were similarly affected by the estrogen hormone 
replacement. All data used in this study was collected with topical estrogen applied 30 minutes prior 
to beginning all testing. This finding needs further study. 
 
 
Discussion  
 
The nonsurgical NeuroDigm GEL™ model appears to mimic many humans complaining of 
persistent neural pain, by being of gradual onset, persisting for months and lacking deformities or 
antalgic gait. Two other characteristics needed in a rodent neuropathic pain model to be relevant are 
an analgesic response profile similar to humans, and effective analgesia with doses of near human 
equivalent strengths (S4 A). This aged rodent chronic pain model closely approaches these 
analgesic guidelines, as this study suggests a negative predictive validity for morphine, and a 
positive predictive validity for gabapentin and duloxetine. 
 
By using a biologic purified gel, like those used in human surgeries and dermal procedures, we 
surrounded a peripheral nerve in its tunnel and gradually induced a focal mononeuritis (58). This 
model does not mimic the initiating disease or trauma of neuropathic pain associated with diabetes 
(63), herpes zoster, fractures, amputations, spinal cord injury, small fiber peripheral neuropathies, 
HIV, spinal radiculopathies, irradiation, chemotherapy, central pain or multiple sclerosis; yet, many 
of these may be complicated by a focal neuritis (64) with the right precipitating conditions (65-70). 
As a disease progresses or an injury heals inherent tissue matrix changes (71) occur along with 
potential acquired alterations of body mechanics. For these reasons, a focal neuritis may be more 
common in these disorders than in a healthy population.  
 
 
While tissue injury causes “nociceptive pain” or acute pain, tissue repair or tissue healing may 
produce neuropathic pain. Chronic pain has been defined as starting after 3-6 months in humans or 
after the healing of a tissue injury (72). This temporal delay correlates to the last phase of tissue 
repair, called tissue remodeling (73), occurring months after the initial inflammatory stages of tissue 
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repair following an acute soft tissue injury (45, 74, 75).  This model, by inducing tissue remodeling 
accelerates the usual delayed onset of neuropathic pain to be robust at Day 23 rather than begin over 
3-6 months (S1). Analgesic screening can be started on Day 23. 
 
We used older rats in this study to look at age, as a factor in the manifestation of chronic neural pain 
(76-80). Currently most neuropathic pain studies use rats weighing 150 to 250 grams, meaning their 
human equivalent age is between 12 -13 years old (55, 81) or early puberty. The rats in this study 
started at 9.5 months of age at a mean weight of 550 grams, which is a 25-year-old human 
equivalent. The study ended at 15.4 months of age at mean weight of 610 grams, which corresponds 
to about 41 human years. The mature adult rats were chosen to resemble more closely, human 
chronic pain patients (1, 82). Performing analgesic studies on a mature adult rat with a physiologic 
neural lesion may reveal more accurately the actual analgesic potential of an agent, and therefore 
confirm the reliability of the rodent as a representative animal model for neuropathic pain. 
 
In this model pain behaviors are gradually induced, without acute inflammation, by using a purified 
absorbable biocompatible gel in a neural tunnel (83). Many biological biocompatible gels are used 
routinely in a multitude of human surgical and dermal procedures, without the acute inflammation 
of an innate immune response. Most purified biological proteins are normally absorbed by the tissue 
they are implanted in, over days to weeks, and are not antigenic (83, 84). In this model, an 
immediate or early neural immune response of acute inflammation would manifest as pain 
behaviors or altered gait in the first few hours to days, which did not occur.  
 
Central sensitivity or neural plasticity is demonstrated in this model after 2-3 weeks by the 
appearance of elicited pain behaviors on the contralateral side in all GEL rats and on the 
contralateral side in the sham rats that developed the late-onset pain behavior (5/8). Central 
sensitivity with contralateral pain is known to exist in humans with originally unilateral neural pain 
(85-88); however, contralateral pain is not commonly documented in most rodent models of 
traumatic nerve lesions. 
 
The behavioral data suggests that morphine resistance or opioid-induced hyperalgesia develops over 
time, as seen in the GEL and sham groups Fig 8. Such lack of effective analgesia with morphine is 
characteristic of many neuropathic pain patients (64, 89, 90), as is the opioid-induced hyperalgesia 
suggested in our study (91-94). Since each of the three doses of morphine in this study is separated 
by weeks, the weakening response to morphine does not reflect tolerance. Preclinical repeated 
screenings of some analgesics (95) over several weeks may be more relevant for translational 
effectiveness (96). This model may have negative predictive validity for morphine. Morphine’s 
decreasing analgesia may correlate to the neural injury (93) or developing neural regeneration.  
 
Our present study with socially mature male rats (550g) revealed the hyperalgesia as the more 
robust and persistent of the pain behaviors, as compared to the allodynia in this aged model. Yet, 
when using this model in younger rats (270g), the mechanical allodynia appeared robust, and much 
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higher doses of gabapentin and duloxetine were used (S4 B). Many elderly patients (>70 years old), 
with chronic nerve pain, have been found to have mechanical hyperalgesia more commonly than 
mechanical allodynia (64). More studies are needed to discern how age affects pain behaviors (76) 
and the effective dose of analgesia. 
 
Erythropoietin (97-100), methylprednisolone (101), glucorticoids in general (102), and ARA290, an 
erythropoietin derived tissue repair peptide (103, 104), are known to have neuroprotective effects 
systemically and locally in nerve injury rodent models. A surgical proximal sciatic nerve defect 
model in a prior study showed the myelin repair potential of a sustained localized erythropoietin 
delivery method (105). The local erythropoietin dose, at the neural lesion, in this model may 
integrate the tissue repair ability (106) of erythropoietin in regaining normal neural function, 
alleviating pain behaviors. 
 
The targeted local injection of an erythropoietin analog in this study appears to support the localized 
“ectopic” and “generator” theories for the maintenance of neural pain, as the unilateral application 
of erythropoietin appears to have eliminated, for at least a week (end of study), the bilateral pain 
behavior of mechanical hyperalgesia (pinprick). The focal neural swelling seen on the distal tibial 
nerve in the GEL group may act like a mid-axon nociceptive stimulus, maintaining the pain 
behavior until the localized erythropoietin healed (107, 108) the neural lesion. 
 
An unanticipated feature suggested in our five-month study is the evidence for habituation to the 
von Frey and brush stimuli. In this study, the light touch stimuli (von Frey, brush) have less painful 
significance than the pinprick, so their responses may be susceptible to habituation. We have not 
been able to locate any specific study of habituation to von Frey or brush stimuli. Responses in the 
GEL group appeared to diminish in post-procedure periods 4 and 5, with the difference between the 
GEL and control groups maintained at a significant level. The effect is seen clearest in the summary 
variable in Fig 4, by contrast, the sham group tended to remain the same or increase during the same 
time periods, as some of them developed pain behavior. We did not observe any evidence of 
habituation to the pinprick stimulus. 
 
The specimens used in this study were processed at end of the 5 month study, where chronic tissue 
changes dominated, without acute inflammation (109). The histologic changes seen were restricted 
to the NeuroDigm GEL™ procedure group and are consistent with ongoing tissue remodeling in the 
area where the GEL was placed. Specifically, there was evidence of both ongoing Wallerian 
degeneration and axonal regeneration, hallmarks of nerve remodeling. Neural remodeling can be a 
response to compression (110). Also consistent with ongoing nerve remodeling is the observed 
leukocytic infiltration seen in both the endoneurial environment and the extraneural space.  
 
Notably, there was a large number of tightly packed unmyelinated fibers within the nerves of the 
GEL treated animals, consistent with regeneration. The increased number of these fibers and their 
unusual clustered appearance raises the issues of adequate insulation and the possibility that some 
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of the pain behavior might be due to ephaptic transmission (111-113). These results of neural 
regeneration with ephaptic transmission is likely the underlying cause of the both the Tinel’s sign 
(114) observed in some patients at sites of neural entrapment, and also the Pinch Reflex Test found 
at sites of regenerating peripheral nerves in experimental rodents (115, 116). 
 
While the histology demonstrates that the anatomical response to the GEL procedure is restricted to 
a focal area of neural and axonal edema in the tibial nerve, the behavioral effects are not. The 
contralateral spread of pain behaviors in the GEL model raises the possibility that there are central 
changes as well. Whether this is the result of anatomic changes or the alterations in neural signaling 
remains to be determined. Additional studies are needed in which the effects of the GEL distal 
peripheral nerve procedure on the thalamus, the DRG, and spinal cord are explored. 
 
The mechanisms that lead to the anatomic and behavioral changes are not yet determined. However, 
it is likely that the neural remodeling (102) seen in our model reflects many of the ongoing changes 
that are seen with chronic pain following peripheral trauma (117). The findings in our study are 
consistent with prior findings found in neural specimens of humans with severe persistent pain due 
to known nerve entrapments (114, 118, 119). The creation of this model allows for further in-depth 
studies to understand the events around the establishment of chronic pain following minimal 
trauma.  
 
An unexpected and powerful influence of topical estrogen was noted in this study. The 
postmenopausal status of the investigator appeared to markedly diminish the paw withdrawal 
response in all groups. However, this effect was reversed within 30 minutes by the investigator 
applying a 17-beta estradiol topical cream. This reaction echoes the olfactory ‘male observer’ effect 
of male experimenters reducing acute pain behaviors in rodents, as compared to females (120). This 
hormonal finding suggests that besides their sex, the age and hormonal status of experimenters may 
influence the reproducibility of pain behaviors.  
 
 
Conclusion 
 
We have presented a theory with supporting data, demonstrating how induced perineural tissue 
matrix changes may be involved in those patients whose onset of neural pain symptoms is weeks 
after an acute injury or strain.  The responsible mechanism initiating their neuropathic pain is not 
likely to be direct neural damage, but the gradual, orchestrated sequelae of tissue repair. 
 
This model reproduces a focal sustained compression (a pinch) on a nerve, which has long been 
considered a cause of persistent neural pain (121, 122). Gradual perineural changes of the 
extracellular matrix and scarring (123) may cause such focal compressions on a nerve (40). 
Recently, a lesion of the somatosensory system, or a disease (107, 108), has been needed for the 
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definition of neuropathic pain (124), this model may help enable the discovery of clinically invisible 
lesions capable of causing such persistent neural pain. 
 
The occult lesion in our model demonstrates a “pathological discontinuity” with a “loss of function” 
(116, 117), meeting both the medical definitions of lesions (107, 108). Such a lesion can be induced 
by tissue repair (125, 126). This tissue reaction after trauma is an encoded response, the same in all 
soft tissues, including the peripheral nervous system. The last stage of this repair process is tissue 
remodeling, (71, 127) which may be a unifying etiology (95) in many deceptively complex 
neuropathic pain syndromes. 
 
We have used tissue repair in this model to create, and also to heal neuropathic pain in a pilot study. 
These processes of tissue repair and neural repair are currently not explored as fields of study in 
neuropathic pain. Tissue repair is a translational systems physiological process, while exogenously 
applied trauma, chemicals and surgical procedures are not. More interdisciplinary comparative 
studies on chronic neural pain with translational assays are needed in rodents, other mammals, 
primates (128) and humans. The refined (129) NeuroDigm GEL™ model can help develop methods 
to detect such lesions, more reliably screen analgesics and neural treatments, and provide an 
extended temporal window into a naturally occurring soft tissue disease.  
  
 
S1 Supplement 1: Tissue repair comparison graph  
 
S2 Supplement 2: Dataset 
 
S3 Supplement 3: Detailed Anova statistics on groups  
 
S4 Supplement 4: Other References 
 
S5 Supplement 5: ARRIVE guidelines 
 
 
Acknowledgements 
 
We are indebted to general surgeon Dale C. Rank Sr. M.D. (deceased February 5th 1996), who 
contributed to the translation from man to the preclinical method of the model. Deep gratitude is 
given to Gordon Munro PhD, who advised on analgesic doses and methods, and read the paper. 
 

 
Author Contributions  
 
Conceived and designed the experiments: MRH DAF JLB. Performed the experiments: MRH RMD 
DEW. Analyzed the data: DAF DEW MRH. Wrote the paper: MRH DAF RMD DEW JLB 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 36	

 
References: 

 
1. Percie du Sert N, Rice AS. Improving the translation of analgesic drugs to the clinic: animal models of 

neuropathic pain. Br J Pharmacol. 2014;171(12):2951-63. 
2. de Mos M, de Bruijn AG, Huygen FJ, Dieleman JP, Stricker BH, Sturkenboom MC. The incidence of complex 

regional pain syndrome: a population-based study. Pain. 2007;129(1-2):12-20. 
3. Dieleman JP, Kerklaan J, Huygen FJ, Bouma PA, Sturkenboom MC. Incidence rates and treatment of 

neuropathic pain conditions in the general population. Pain. 2008;137(3):681-8. 
4. Sandroni P, Benrud-Larson LM, McClelland RL, Low PA. Complex regional pain syndrome type I: incidence 

and prevalence in Olmsted county, a population-based study. Pain. 2003;103(1-2):199-207. 
5. Payne R. Neuropathic Pain Syndromes, with special reference to Causalgia and Reflex Sympathetic 

Dystrophy. The Clinical Journal of Pain. 1986;2:59-73. 
6. Elkind AH. Headache and facial pain associated with head injury. Otolaryngol Clin North Am. 

1989;22(6):1251-71. 
7. Freund B, Schwartz M. Post-traumatic myofascial pain of the head and neck. Curr Pain Headache Rep. 

2002;6(5):361-9. 
8. Rho RH, Brewer RP, Lamer TJ, Wilson PR. Complex regional pain syndrome. Mayo Clin Proc. 

2002;77(2):174-80. 
9. Roberts WJ. A hypothesis on the physiological basis for causalgia and related pains. Pain. 1986;24(3):297-311. 
10. Rotter R, Kuhn C, Stratos I, Beck M, Mittlmeier T, Vollmar B. Erythropoietin enhances the regeneration of 

traumatized tissue after combined muscle-nerve injury. J Trauma Acute Care Surg. 2012;72(6):1567-75. 
11. Schwartzman RJ, Grothusen J, Kiefer TR, Rohr P. Neuropathic central pain: epidemiology, etiology, and 

treatment options. Arch Neurol. 2001;58(10):1547-50. 
12. Schwartzman RJ, Maleki J. Postinjury neuropathic pain syndromes. Med Clin North Am. 1999;83(3):597-626. 
13. Seale KS. Reflex sympathetic dystrophy of the lower extremity. Clin Orthop Relat Res. 1989(243):80-5. 
14. van der Laan L, Goris RJ. Reflex sympathetic dystrophy. An exaggerated regional inflammatory response? 

Hand Clin. 1997;13(3):373-85. 
15. Wasner G, Schattschneider J, Binder A, Baron R. Complex regional pain syndrome--diagnostic, mechanisms, 

CNS involvement and therapy. Spinal Cord. 2003;41(2):61-75. 
16. Wilson PR. Post-traumatic upper extremity reflex sympathetic dystrophy. Clinical course, staging, and 

classification of clinical forms. Hand Clin. 1997;13(3):367-72. 
17. Hooshmand H. Chronic pain: reflex sympathetic dystrophy, prevention, and management. Boca Raton, Florida: 

CRC Press; 1993. 201 p. 
18. Oaklander AL. Role of minimal distal nerve injury in complex regional pain syndrome-I. Pain Med. 

2010;11(8):1251-6. 
19. Ali Z, Ringkamp M, Hartke TV, Chien HF, Flavahan NA, Campbell JN, et al. Uninjured C-fiber nociceptors 

develop spontaneous activity and alpha-adrenergic sensitivity following L6 spinal nerve ligation in monkey. J 
Neurophysiol. 1999;81(2):455-66. 

20. Campbell JN, Meyer RA. Mechanisms of neuropathic pain. Neuron. 2006;52(1):77-92. 
21. Devor M. Nerve pathophysiology and mechanisms of pain in causalgia. J Auton Nerv Syst. 1983;7(3-4):371-

84. 
22. Devor M. Neuropathic pain and injured nerve: peripheral mechanisms. Br Med Bull. 1991;47(3):619-30. 
23. Finnerup NB, Baastrup C. Spinal cord injury pain: mechanisms and management. Curr Pain Headache Rep. 

2012;16(3):207-16. 
24. Finnerup NB, Jensen TS. Spinal cord injury pain--mechanisms and treatment. Eur J Neurol. 2004;11(2):73-82. 
25. Han HC, Lee DH, Chung JM. Characteristics of ectopic discharges in a rat neuropathic pain model. Pain. 

2000;84(2-3):253-61. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 37	

26. Hu P, McLachlan EM. Macrophage and lymphocyte invasion of dorsal root ganglia after peripheral nerve 
lesions in the rat. Neuroscience. 2002;112(1):23-38. 

27. Jensen TS, Baron R. Translation of symptoms and signs into mechanisms in neuropathic pain. Pain. 
2003;102(1-2):1-8. 

28. Woolf CJ. The pathophysiology of peripheral neuropathic pain--abnormal peripheral input and abnormal 
central processing. Acta Neurochir Suppl (Wien). 1993;58:125-30. 

29. Costigan M, Scholz J, Woolf CJ. Neuropathic pain: a maladaptive response of the nervous system to damage. 
Annu Rev Neurosci. 2009;32:1-32. 

30. Bouhassira D, Attal N. Diagnosis and assessment of neuropathic pain: the saga of clinical tools. Pain. 
2011;152(3 Suppl):S74-83. 

31. Dilley A, Greening J, Walker-Bone K, Good C. Magnetic resonance imaging signal hyperintensity of neural 
tissues in diffuse chronic pain syndromes: a pilot study. Muscle Nerve. 2011;44(6):981-4. 

32. Filler A. Magnetic resonance neurography and diffusion tensor imaging: origins, history, and clinical impact of 
the first 50,000 cases with an assessment of efficacy and utility in a prospective 5000-patient study group. 
Neurosurgery. 2009;65(4 suppl):A29-43. 

33. Filler AG, Bell BA. Axonal transport, imaging, and the diagnosis of nerve compression. Br J Neurosurg. 
1992;6(4):293-5. 

34. Lawande AD, Warrier SS, Joshi MS. Role of ultrasound in evaluation of peripheral nerves. Indian J Radiol 
Imaging. 2014;24(3):254-8. 

35. Simon NG, Narvid J, Cage T, Banerjee S, Ralph JW, Engstrom JW, et al. Visualizing axon regeneration after 
peripheral nerve injury with magnetic resonance tractography. Neurology. 2014;83(15):1382-4. 

36. Tung KW, Behera D, Biswal S. Neuropathic pain mechanisms and imaging. Semin Musculoskelet Radiol. 
2015;19(2):103-11. 

37. Vaeggemose M, Ringgaard S, Ejskjaer N, Andersen H. Magnetic resonance imaging may be used for early 
evaluation of diabetic peripheral polyneuropathy. J Diabetes Sci Technol. 2015;9(1):162-3. 

38. Jacobson JA, Wilson TJ, Yang LJ. Sonography of Common Peripheral Nerve Disorders With Clinical 
Correlation. J Ultrasound Med. 2016. 

39. Kerasnoudis A. Ultrasound visualization of nerve remodeling after strenuous exercise. Muscle Nerve. 
2016;53(2):320-4. 

40. Myers R. The Pathogenesis of Neuropathic Pain. Regional Anensthesia. 1995;20(8):173-84. 
41. Bowsher D. Trigeminal neuralgia: an anatomically oriented review. Clin Anat. 1997;10(6):409-15. 
42. Hinz B, Phan SH, Thannickal VJ, Prunotto M, Desmoulière A, Varga J, et al. Recent developments in 

myofibroblast biology: paradigms for connective tissue remodeling. Am J Pathol. 2012;180(4):1340-55. 
43. Velnar T, Bailey T, Smrkolj V. The wound healing process: an overview of the cellular and molecular 

mechanisms. J Int Med Res. 2009;37(5):1528-42. 
44. Zochodne DW. The microenvironment of injured and regenerating peripheral nerves. Muscle Nerve Suppl. 

2000;9:S33-8. 
45. Ogawa R. Mechanobiology of scarring. Wound Repair Regen. 2011;19 Suppl 1:s2-9. 
46. Scholz J, Woolf CJ. The neuropathic pain triad: neurons, immune cells and glia. Nat Neurosci. 

2007;10(11):1361-8. 
47. Mogil JS. Animal models of pain: progress and challenges. Nat Rev Neurosci. 2009;10(4):283-94. 
48. Mogil JS, Davis KD, Derbyshire SW. The necessity of animal models in pain research. Pain. 2010;151(1):12-

7. 
49. Ansell DM. Animal models of wound repair: Are they cutting it? Exp Dermatol. 2012;21(8):581-5. 
50. Peplow PV, Chung TY, Baxter GD. Photodynamic modulation of wound healing: a review of human and 

animal studies. Photomed Laser Surg. 2012;30(3):118-48. 
51. van der Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S, O'Collins V, et al. Can animal models of 

disease reliably inform human studies? PLoS Med. 2010;7(3):e1000245. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 38	

52. Hussein A. Gait Analysis and Therapeutic Application of Carbon Monoxide in a Rodent Model of Complex 
Regional Pain Syndrome Type-1. Electronic Thesis and Dissertation Repository: The University of Western 
Ontario; 2015. 

53. Jaggi AS, Jain V, Singh N. Animal models of neuropathic pain. Fundam Clin Pharmacol. 2011;25(1):1-28. 
54. Andreollo NA, Santos EF, Araujo MR, Lopes LR. Rat's age versus human's age: what is the relationship? Arq 

Bras Cir Dig. 2012;25(1):49-51. 
55. Quinn R. Comparing rat's to human's age: how old is my rat in people years?  Nutrition. 21. United States2005. 

p. 775-7. 
56. Fitts DA. Improved stopping rules for the design of efficient small-sample experiments in biomedical and 

biobehavioral research. Behav Res Methods. 2010;42(1):3-22. 
57. Fitts DA. Ethics and animal numbers: informal analyses, uncertain sample sizes, inefficient replications, and 

type I errors. J Am Assoc Lab Anim Sci. 2011;50(4):445-53. 
58. Romans MH, inventor; NeuroDigm  Corporation, assignee. Non-traumatic model of neuropathic pain. U. 

S.2001. 
59. Munro G, Storm A, Hansen MK, Dyhr H, Marcher L, Erichsen HK, et al. The combined predictive capacity of 

rat models of algogen-induced and neuropathic hypersensitivity to clinically used analgesics varies with 
nociceptive endpoint and consideration of locomotor function. Pharmacol Biochem Behav. 2012;101(3):465-
78. 

60. Brabb T, Carbone L, Snyder J, Phillips N. Institutional animal care and use committee considerations for 
animal models of peripheral neuropathy. ILAR J. 2014;54(3):329-37. 

61. Griffin JW, George EB, Chaudhry V. Wallerian degeneration in peripheral nerve disease. Baillieres Clin 
Neurol. 1996;5(1):65-75. 

62. Gondré M, Burrola P, Weinstein DE. Accelerated nerve regeneration mediated by Schwann cells expressing a 
mutant form of the POU protein SCIP. J Cell Biol. 1998;141(2):493-501. 

63. Layton BE, Sastry AM. A mechanical model for collagen fibril load sharing in peripheral nerve of diabetic and 
nondiabetic rats. J Biomech Eng. 2004;126(6):803-14. 

64. Hannaman M. Clinical Experience in the diagnosis and localized treatment of subacute and chronic neural 
pain, with peripheral nerve blocks and biologics. Physician and Surgeon ed. Texas1984-2016. 

65. Austin PJ. Evidence for a distinct neuro-immune signature in rats that develop behavioural disability after 
nerve injury. J Neuroinflammation. 2015;12(1):96. 

66. Blackburn-Munro G. Hypothalamo-pituitary-adrenal axis dysfunction as a contributory factor to chronic pain 
and depression. Curr Pain Headache Rep. 2004;8(2):116-24. 

67. Mogil JS, Wilson SG, Bon K, Lee SE, Chung K, Raber P, et al. Heritability of nociception I: responses of 11 
inbred mouse strains on 12 measures of nociception. Pain. 1999;80(1-2):67-82. 

68. Pérez J, Ware MA, Chevalier S, Gougeon R, Shir Y. Dietary omega-3 fatty acids may be associated with 
increased neuropathic pain in nerve-injured rats. Anesth Analg. 2005;101(2):444-8, table of contents. 

69. Shir Y, Sheth R, Campbell JN, Raja SN, Seltzer Z. Soy-containing diet suppresses chronic neuropathic sensory 
disorders in rats. Anesth Analg. 2001;92(4):1029-34. 

70. Sorge RE, Mapplebeck JC, Rosen S, Beggs S, Taves S, Alexander JK, et al. Different immune cells mediate 
mechanical pain hypersensitivity in male and female mice. Nat Neurosci. 2015;18(8):1081-3. 

71. Handorf AM, Zhou Y, Halanski MA, Li WJ. Tissue stiffness dictates development, homeostasis, and disease 
progression. Organogenesis. 2015;11(1):1-15. 

72. Turk DC, Okifuji A. "Pain terms and taxonomies". 3rd ed. Loeser D, Butler SH, Chapman JJ, Turk DC, 
editors: Lippincott Williams & Wilkins; 2001. 

73. Wong VW, Longaker MT, Gurtner GC. Soft tissue mechanotransduction in wound healing and fibrosis. Semin 
Cell Dev Biol. 2012;23(9):981-6. 

74. Midwood KS, Williams LV, Schwarzbauer JE. Tissue repair and the dynamics of the extracellular matrix. Int J 
Biochem Cell Biol. 2004;36(6):1031-7. 

75. Mutsaers SE, Bishop JE, McGrouther G, Laurent GJ. Mechanisms of tissue repair: from wound healing to 
fibrosis. Int J Biochem Cell Biol. 1997;29(1):5-17. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 39	

76. Chung JM, Choi Y, Yoon YW, Na HS. Effects of age on behavioral signs of neuropathic pain in an 
experimental rat model. Neurosci Lett. 1995;183(1-2):54-7. 

77. Crisp T, Giles JR, Cruce WL, McBurney DL, Stuesse SL. The effects of aging on thermal hyperalgesia and 
tactile-evoked allodynia using two models of peripheral mononeuropathy in the rat. Neurosci Lett. 
2003;339(2):103-6. 

78. Howard RF, Walker SM, Mota PM, Fitzgerald M. The ontogeny of neuropathic pain: postnatal onset of 
mechanical allodynia in rat spared nerve injury (SNI) and chronic constriction injury (CCI) models. Pain. 
2005;115(3):382-9. 

79. Ma W, Bisby MA. Partial sciatic nerve ligation induced more dramatic increase of neuropeptide Y 
immunoreactive axonal fibers in the gracile nucleus of middle-aged rats than in young adult rats. J Neurosci 
Res. 2000;60(4):520-30. 

80. Vega-Avelaira D, Geranton SM, Fitzgerald M. Differential regulation of immune responses and 
macrophage/neuron interactions in the dorsal root ganglion in young and adult rats following nerve injury. Mol 
Pain. 2009;5:70. 

81. Sengupta P. The Laboratory Rat: Relating Its Age With Human's. Int J Prev Med. 2013;4(6):624-30. 
82. Pickering G, Jourdan D, Millecamps M, Chapuy E, Alliot J, Eschalier A. Age-related impact of neuropathic 

pain on animal behaviour. Eur J Pain. 2006;10(8):749-55. 
83. Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design variables and applications. 

Biomaterials. 2003;24(24):4337-51. 
84. Achneck HE, Sileshi B, Jamiolkowski RM, Albala DM, Shapiro ML, Lawson JH. A comprehensive review of 

topical hemostatic agents: efficacy and recommendations for use. Ann Surg. 2010;251(2):217-28. 
85. Shenker N. A review of contralateral responses to a unilateral inflammatory lesion. Br J Rheumatol. 

2003;42(11):1279-86. 
86. Shenker NG. Contralateral hyperalgesia and allodynia following intradermal capsaicin injection in man. 

Rheumatology (Oxford). 2008;47(9):1417-21. 
87. Schmid AB, Nee RJ, Coppieters MW. Reappraising entrapment neuropathies--mechanisms, diagnosis and 

management. Man Ther. 2013;18(6):449-57. 
88. Maleki J, LeBel AA, Bennett GJ, Schwartzman RJ. Patterns of spread in complex regional pain syndrome, type 

I (reflex sympathetic dystrophy). Pain. 2000;88(3):259-66. 
89. Freynhagen R, Geisslinger G, Schug SA. Opioids for chronic non-cancer pain. BMJ. 2013;346:f2937. 
90. Fields HL. The doctor's dilemma: opiate analgesics and chronic pain. Neuron. 2011;69(4):591-4. 
91. Chu LF, Clark DJ, Angst MS. Opioid tolerance and hyperalgesia in chronic pain patients after one month of 

oral morphine therapy: a preliminary prospective study. J Pain. 2006;7(1):43-8. 
92. Lee HJ, Yeomans DC. Opioid induced hyperalgesia in anesthetic settings. Korean J Anesthesiol. 

2014;67(5):299-304. 
93. Ossipov MH, Lopez Y, Nichols ML, Bian D, Porreca F. The loss of antinociceptive efficacy of spinal 

morphine in rats with nerve ligation injury is prevented by reducing spinal afferent drive. Neurosci Lett. 
1995;199(2):87-90. 

94. Attal N, Chen YL, Kayser V, Guilbaud G. Behavioural evidence that systemic morphine may modulate a 
phasic pain-related behaviour in a rat model of peripheral mononeuropathy. Pain. 1991;47(1):65-70. 

95. Hama AT, Borsook D. Behavioral and pharmacological characterization of a distal peripheral nerve injury in 
the rat. Pharmacol Biochem Behav. 2005;81(1):170-81. 

96. Hama A, Sagen J. Altered antinociceptive efficacy of tramadol over time in rats with painful peripheral 
neuropathy. Eur J Pharmacol. 2007;559(1):32-7. 

97. Campana WM, Li X, Shubayev VI, Angert M, Cai K, Myers RR. Erythropoietin reduces Schwann cell TNF-
alpha, Wallerian degeneration and pain-related behaviors after peripheral nerve injury. Eur J Neurosci. 
2006;23(3):617-26. 

98. Elfar JC, Jacobson JA, Puzas JE, Rosier RN, Zuscik MJ. Erythropoietin accelerates functional recovery after 
peripheral nerve injury. J Bone Joint Surg Am. 2008;90(8):1644-53. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 40	

99. Li X, Gonias SL, Campana WM. Schwann cells express erythropoietin receptor and represent a major target 
for Epo in peripheral nerve injury. Glia. 2005;51(4):254-65. 

100. Campana WM, Myers RR. Exogenous erythropoietin protects against dorsal root ganglion apoptosis and pain 
following peripheral nerve injury. Eur J Neurosci. 2003;18(6):1497-506. 

101. Johansson A, Bennett GJ. Effect of local methylprednisolone on pain in a nerve injury model. A pilot study. 
Reg Anesth. 1997;22(1):59-65. 

102. Devor M. The pathophysiology of damaged peripheral nerves. In: Wall PD, Melzak R, editors. Textbook of 
Pain. 3rd ed. London: Churchill-Livingston; 1994. p. 79-100. 

103. Dilley A. ARA290 in a rat model of inflammatory pain. Methods Mol Biol. 2013;982:213-25. 
104. Pulman KG, Smith M, Mengozzi M, Ghezzi P, Dilley A. The erythropoietin-derived peptide ARA290 reverses 

mechanical allodynia in the neuritis model. Neuroscience. 2013;233:174-83. 
105. Zhang W, Gao Y, Zhou Y, Liu J, Zhang L, Long A, et al. Localized and sustained delivery of erythropoietin 

from PLGA microspheres promotes functional recovery and nerve regeneration in peripheral nerve injury. 
Biomed Res Int. 2015;2015:478103. 

106. Brines M. Discovery of a master regulator of injury and healing: tipping the outcome from damage toward 
repair. Mol Med. 2014;20 Suppl 1:S10-6. 

107. Dorland's illustrated medical dictionary. 32nd ed. ed. Philadelphia: Saunders Elsevier; c2012. Lesion p. 1025; 
heal p. 825; disease p. 527 . 

108. Dorland's illustrated medical dictionary [Internet] c2012; [cited 2016 Mar 9 2016]. 
109. Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven chronic pain. Nat Rev Drug Discov. 

2014;13(7):533-48. 
110. Hayashi A, Pannucci C, Moradzadeh A, Kawamura D, Magill C, Hunter DA, et al. Axotomy or compression is 

required for axonal sprouting following end-to-side neurorrhaphy. Exp Neurol. 2008;211(2):539-50. 
111. Krafft RM. Trigeminal neuralgia. Am Fam Physician. 2008;77(9):1291-6. 
112. Ueda H. Peripheral mechanisms of neuropathic pain - involvement of lysophosphatidic acid receptor-mediated 

demyelination. Mol Pain. 2008;4:11. 
113. Seltzer Z, Devor M. Ephaptic transmission in chronically damaged peripheral nerves. Neurology. 

1979;29(7):1061-4. 
114. Mackinnon SE, Dellon AL, Hudson AR, Hunter DA. Chronic human nerve compression--a histological 

assessment. Neuropathol Appl Neurobiol. 1986;12(6):547-65. 
115. Bisby MA, Pollock B. Increased regeneration rate in peripheral nerve axons following double lesions: 

enhancement of the conditioning lesion phenomenon. J Neurobiol. 1983;14(6):467-72. 
116. Danielsson P, Dahlin L, Povlsen B. Tubulization increases axonal outgrowth of rat sciatic nerve after crush 

injury. Exp Neurol. 1996;139(2):238-43. 
117. Martin YB, Herradón G, Ezquerra L. Uncovering new pharmacological targets to treat neuropathic pain by 

understanding how the organism reacts to nerve injury. Curr Pharm Des. 2011;17(5):434-48. 
118. Mackinnon SE, Dellon AL, Hudson AR, Hunter DA. Histopathology of compression of the superficial radial 

nerve in the forearm. J Hand Surg Am. 1986;11(2):206-10. 
119. Rempel D, Dahlin L, Lundborg G. Pathophysiology of nerve compression syndromes: response of peripheral 

nerves to loading. J Bone Joint Surg Am. 1999;81(11):1600-10. 
120. Sorge RE, Martin LJ, Isbester KA, Sotocinal SG, Rosen S, Tuttle AH, et al. Olfactory exposure to males, 

including men, causes stress and related analgesia in rodents. Nat Methods. 2014;11(6):629-32. 
121. Sommer C, Galbraith JA, Heckman HM, Myers RR. Pathology of experimental compression neuropathy 

producing hyperesthesia. J Neuropathol Exp Neurol. 1993;52(3):223-33. 
122. Schmid AB, Coppieters MW, Ruitenberg MJ, McLachlan EM. Local and remote immune-mediated 

inflammation after mild peripheral nerve compression in rats. J Neuropathol Exp Neurol. 2013;72(7):662-80. 
123. Cox TR, Erler JT. Remodeling and homeostasis of the extracellular matrix: implications for fibrotic diseases 

and cancer. Dis Model Mech. 2011;4(2):165-78. 
124. Jensen TS, Baron R, Haanpaa M, Kalso E, Loeser JD, Rice AS, et al. A new definition of neuropathic pain.  

Pain. 152. Netherlands2011. p. 2204-5. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


	 41	

125. Coleman LS. A stress repair mechanism that maintains vertebrate structure during stress. Cardiovasc Hematol 
Disord Drug Targets. 2010;10(2):111-37. 

126. Eming SA, Hammerschmidt M, Krieg T, Roers A. Interrelation of immunity and tissue repair or regeneration. 
Semin Cell Dev Biol. 2009;20(5):517-27. 

127. Mason BN, Califano JP, Reinhart-King CA. Matrix Stiffness: A Regulator of Cellular Behavior and Tissue 
Formation. S.K. B, editor: Springer Science; 2012. 354 p. 

128. Hama AT, Toide K, Takamatsu H. Beyond rodent models of pain: non-human primate models for evaluating 
novel analgesic therapeutics and elaborating pain mechanisms. CNS Neurol Disord Drug Targets. 
2013;12(8):1257-70. 

129. Flecknell P. Replacement, reduction and refinement. ALTEX. 2002;19(2):73-8. 
 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979


certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 6, 2016. ; https://doi.org/10.1101/051979doi: bioRxiv preprint 

https://doi.org/10.1101/051979

