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Abstract

Tibia fracture in rats initiates a cascade of nociceptive, vascular, and bone changes resembling
complex regional pain syndrome type | (CRPS I). Previous studies suggest that the pathogenesis of
these changes is attributable to an exaggerated regional inflammatory response to injury. We
postulated that the pro-inflammatory cytokine tumor necrosis factor alpha (TNF) might mediate the
development of CRPS-like changes after fracture. RT-PCR and EIA assays were used to evaluate
changes in TNF expression and content in skin, nerve, and bone after fracture. Bilateral hindpaw
thickness, temperature, and nociceptive thresholds were determined, and bone microarchitecture was
measured using microcomputed tomography. Lumbar spinal cord Fos immunostaining was
performed for quantification of Fos positive neurons. After baseline testing the distal tibia was
fractured and the hindlimb casted for 4 weeks. The rats were subcutaneously injected either with a
soluble TNF receptor type 1 (STNF-R1, 5mg/kg/d) or saline every 3 days over 28 days and then were
retested at 4-weeks post-fracture. Tibia fracture chronically upregulated TNF expression and protein
levels in the hindpaw skin and sciatic nerve. After fracture the rats developed hindpaw mechanical
allodynia and unweighting, which were reversed by sSTNF-R1 treatment. Consistent with the
behavioral data, spinal Fos increased after fracture and this effect was inhibited by STNF-R1
treatment. Collectively, these data suggest that facilitated TNF signaling in the hindlimb is an
important mediator of chronic regional nociceptive sensitization after fracture, but does not contribute
to the hindlimb warmth, edema, and bone loss observed in this CRPS | model.
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1. Introduction

Previously proposed complex regional pain syndrome (CRPS) animal models have not
reproduced the inciting trauma and the nociceptive, vascular and bone changes observed in the
CRPS patient. CRPS type | is a frequent sequelae of distal tibia (Sarangi et al. 1993) and radius
fractures (Atkins et al. 1990). The affected limb presents with an initial increase in skin
temperature (Birklein et al. 1998), increased cutaneous protein extravasation (Oyen et al.
1993), distal limb edema (Veldman etal. 1993), pain, and allodynia (Blumberg and Janig 1994).
Periarticular osteoporosis also develops in the fracture limb (Bickerstaff et al. 1993; Sarangi
et al. 1993). Recently we described a rat fracture model that closely resembles the clinical
scenario (Guo et al. 2004). After distal tibia fracture rats develop chronic unilateral hindlimb
warmth, edema, facilitated spontaneous protein extravasation, allodynia, unweighting, and
periarticular osteoporosis, changes resembling those observed in CRPS | patients.

We postulate that the enhanced vascular permeability, edema, warmth, redness, and
vasodilatation observed in CRPS could be attributable to an enhanced neurogenic inflammatory
response mediated by substance P (SP). Peripherally released SP is able to elicit vasodilatation
and protein extravasation via activation of the neurokinin 1 (NK1) receptor (McDonald
1988; Bowden etal. 1994). The same mechanism facilitates sensitization of second-order spinal
neurons via activation of the NK1 receptors on ascending spinal neurons, resulting in
spontaneous pain and hyperalgesia (Benoliel et al. 1999; Nichols et al. 1999). NK1 antagonists
partially reverse the warmth, edema, spontaneous extravasation, and allodynia observed after
tibia fracture (Guo et al. 2004), evidence that SP signaling contributes to the vascular and
nociceptive sequelae of fracture.

SP also stimulates the production of the pro-inflammatory cytokines in the skin and leukocytes
of rats (Dickerson et al. 1998; Saade et al. 2002; Delgado et al. 2003). TNF is at the top of the
cytokine pro-inflammatory cascade and TNF inhibitors have proven to be selective and highly
effective therapeutics for rheumatoid arthritis and a variety of chronic inflammatory diseases
(Feldmann 2002). There is also evidence of increased inflammatory cytokine expression in the
skin of CRPS patients and anecdotal evidence that TNF inhibitors reduce spontaneous and
articular pain in CRPS patients (Huygen et al. 2002; Huygen et al. 2004a). Furthermore,
increased serum levels of STNF-R1 have been positively correlated to the presence of
mechanical allodynia in polyneuropathy (Empl et al. 2001) and CRPS (Maihofner et al.
2005) patients.

Collectively, these data suggest that trauma induced facilitated SP signaling could stimulate
TNF over-expression in an injured limb, resulting in periarticular bone loss, joint tenderness
and the development of chronic pain. The objectives of the current study were to map post-
fracture changes in cytokine TNF expression and content in skin, nerve, and bone and evaluate
the effects of a TNF antagonist (STNF-R1) on the development of nociceptive, vascular, and
bone changes after fracture.

2. Materials and methods

These experiments were approved by our institute's Subcommittee on Animal Studies and
followed the guidelines of the IASP (Zimmermann 1983). Adult (10-month-old) male Sprague
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Dawley rats (Harlan, Indianapolis, IN) were used in all experiments. The animals were housed
individually in isolator cages with solid floors covered with 3 cm of soft bedding and were fed
and watered ad libitum. During the experimental period the animals were fed Lab Diet 5012
(PMI Nutrition Institute, Richmond, IN), which contains 1.0% calcium, 0.5% phosphorus, and
3.3 1U/g of vitamin D3.

Tibia fracture was performed under isoflurane anesthesia as we have previously described
(Guo et al. 2004; Guo et al. 2006). The right hindlimb was wrapped in stockinet (2.5 cm wide)
and the distal tibia was fractured using pliers with an adjustable stop (Visegrip, Petersen
Manufacturing, Dewitt, NE) that had been modified with a 3-point jaw. The hindlimb wrapped
in casting tape (Delta-Lite, Johnson & Johnson, Raynham, MA) so the hip, knee and ankle
were flexed. The cast extended from the metatarsals of the hindpaw up to a spica formed around
the abdomen. The cast over the paw was applied only to the plantar surface; a window was left
open over the dorsum of the paw and ankle to prevent constriction when post-fracture edema
developed. To prevent the animals from chewing at their casts, the cast material was wrapped
in galvanized wire mesh, which was attached by wires inserted into holes drilled in the cast.
After fracture and casting the rats were given subcutaneous saline and 2 days of buprenorphine
(0.3 mg/kg) for post-operative hydration and analgesia. At 4 weeks the rats were anesthetized
with isoflurane and the cast removed with a vibrating cast saw. All rats used in this study had
union at the fracture site after 4 weeks of casting.

2.2 RNA isolation and Real-Time PCR

The RNA was isolated from hindpaw skin using our previously described methods (Liang et
al. 2003). Briefly, under isoflurane anesthesia the hindpaw skin was collected by dissection
and disrupted rapidly in a Dounce homogenizer. Total RNA was then isolated using purification
columns as directed (RNeasy reagents; Qiagen, Valencia, CA). Before RNA purification
samples were first homogenized using a Polytron device (Brinkman Instruments Inc.,
Westbury, NY), then centrifuged for 10 min at 12,0009 at 4C. The supernatants were processed
using the RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions. The purity and
concentration of the purified RNA was determined spectrophotometrically. cDNA was
subsequently prepared from 1 pg RNA in a 25 pl final volume using random hexamer primers
and Superscript reverse transcriptase according to the accompanying protocol (Invitrogen,
Carlsbad, CA). The cDNA reactions were diluted 1:8 in nuclease-free water before further
analysis.

Real-time quantitative PCR (qPCR) was carried out using the SYBR® green reporter dye and
protocol (Applied Biosystems; Foster City, CA). Briefly, 2 pl of a mixture of 2x SYBR green
and TNF primers (forward primer: AAATGGGCTCCCTCTCATCAGTTC; reverse primer:
TCTGCTTGGTGGTTTGCTACGAC) were loaded with 2 pl diluted cDNA template in each
well. Eight pl mineral oil was then loaded in each well to prevent loss of solution. Thermal
cycling utilized an Applied Biosystems 7900HT system with a 5-min denaturation step at 95°
C followed by 40 cycles of 95°C 30 sec/60°C 30 sec/72°C 60 sec). Melting curves were
performed to document single product formation, agarose electrophoresis confirmed product
size, and restriction enzyme digestion confirmed product identity. The amplification of 18S
RNA was used as an internal control. The 18S primers were purchased from Ambion (18S
forward primer: AGGAATTGACGGAAGGGCAC,; 18S reverse primer:
GTGCAGCCCCGGACATCTAAG, Austin, TX, USA). Amplification kinetics for the two
amplification products was found to be similar. The data from real-time PCR experiments were
analyzed by the comparative CT method as described in the manual for the ABI prism 7900
real-time system. Briefly, the parameter C; was derived for each cDNA sample and primer
pair; C; is an expression of amplification kinetics referring to the cycle at which log-phase
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amplification reaches a pre-determined threshold. For a given sample, C; values for 18S RNA
were subtracted from the C; of TNF to arrive at a AC; value. The mean AC; from all control
animal reactions was then subtracted from the mean AC; for the treated samples to arrive at
AAC;. This parameter reflects the fold difference of over- or underexpression of TNF in fracture
rat ipsilateral hindpaw skin tissue relative to control according to the expression 2 2ACt |n
each experiment samples were analyzed in triplicate or quadruplicate for the indicated numbers
of rats.

To confirm the specificity of amplified product the dissociation curves for PCR reaction
products were analyzed. Only one peak was observed for TNF mRNA and the amplification
kinetics for 18S and TNF were quite similar (data not shown). Ethidium bromide staining of
PCR products on conventional agarose gels demonstrated product bands of the expected sizes
(Fig.1B).

2.3 Homogenization procedure and ELISA

2.4 Drugs

Rat sciatic nerve, hind paw dorsal skin and proximal tibia were collected at 4 weeks after
fracture and frozen immediately on dry ice. All tissues were cut into fine pieces in ice-cold
phosphate buffered saline (PBS), pH 7.4, containing protease inhibitors (aprotinin (2 pg/ml),
leupeptin (5 pg/ml), pepstatin (0.7 pg/ml), and PMSF (100 pg/ml); Boehringer Mannheim,
Germany) followed by homogenization using a rotor/stator homogenizer. Homogenates were
centrifuged for 5 min at 14 000g at 4°C. Supernatants were transferred to fresh precooled
Eppendorf tubes. Triton X-100 (Boehringer Mannheim, Germany) was added at a final
concentration 0.01 %. The samples were centrifuged again for 5 min at 14 000g at 4°C. The
supernatants were aliquoted, stored at —80°C and assayed in duplicate (after dilution in the
standard buffer supplied) by a rat TNF Elisa kit (Biosource Europe, Nivelle, Belgium)
according to the manufacturer’s instructions. This assay system detects rat TNF with a
sensitivity of 4 pg/ml. Positive and negative controls were included in each assay. TNF
concentration was expressed as pg/mg protein. Protein content was determined by the
bicinchoninic acid protein assay reagent (Pierce, KMF Laborchemie, St. Augustin, Germany).

Soluble tumor necrosis factor receptor type 1 (STNF-R1) conjugated with polyethylene glycol
(PEG) was produced at Amgen (Thousand Oaks, CA, USA). sTNF-R1 is a recombinant E.
coli form of the human *high-affinity’ p55 tumor necrosis factor receptor (TNFR1) to which
a 30 kd PEG molecule is attached (Edwards et al. 1998; Grell et al. 1998; Martin et al. 1998).
The effects of the TNF alpha and TNF beta (also known as lymphotoxin alpha) cytokines are
mediated through binding to the p55 (TNFR1) and p75 (TNFR2) cell surface TNF receptors
and sTNF-R1 selectively binds to both of these cytokines with high affinity (personal
communication, Amgen). Fracture rats were subcutaneously injected with STNF-R1, which
acts as a soluble decoy receptor for TNF that competitively inhibits TNF binding to cell surface
TNF receptors, thus acting as a selective TNF antagonist. The dosage and administration
protocol for STNF-R1 (5mg/kg given subcutaneously every third day) was based on previous
studies using STNF-R1 treatment in arthritic rats (Bendele et al. 1999a; Bendele et al. 1999b;
McComb et al. 1999; Feige et al. 2000).

2.5 Hindpaw nociception

To measure mechanical allodynia in the rats an up-down von Frey testing paradigm was used
as we have previously described (Kingery et al. 2003). Rats were placed in a clear plastic
cylinder (20 cm in diameter) with a wire mesh bottom and allowed to acclimate for 15 minutes.
The paw was tested with 1 of a series of 8 von Frey hairs ranging in stiffness from 0.41 g to
15.14 g. The von Frey hair was applied against the hindpaw plantar skin at approximately
midsole, taking care to avoid the tori pads. The fiber was pushed until it slightly bowed and
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then it was jiggled in that position for 6 seconds. Stimuli were presented at an interval of several
seconds. Hindpaw withdrawal from the fiber was considered a positive response. The initial
fiber presentation was 2.1 g and the fibers were presented according to the up-down method
of Dixon to generate 6 responses in the immediate vicinity of the 50% threshold.

Anincapacitance device (1ITC Inc. Life Science. Woodland, CA) was used to measure hindpaw
unweighting. The rats were manually held in a vertical position over the apparatus with the
hindpaws resting on separate metal scale plates and the entire weight of the rat was supported
on the hindpaws. The duration of each measurement was 6 seconds and 10 consecutive
measurements were taken at 60-second intervals. Eight readings (deducting the highest and
lowest ones) were averaged to calculate the bilateral hindpaw weight bearing values.

2.6 Hindpaw volume

A laser sensor technigque was used to determine the dorsal-ventral thickness of the hindpaw,
as we have previously described (Kingery et al. 2003). Before baseline testing the bilateral
hindpaws were tattooed with a 2-3 mm spot on the dorsal skin over the midpoint of the third
metatarsal. For laser measurements each rat was briefly anesthetized with isoflurane and then
held vertically so the hindpaw rested on a table top below the laser. The paw was gently held
flat on the table with a small metal rod applied to the top of the ankle joint. Using optical
triangulation, a laser with a distance measuring sensor was used to determine the distance to
the table top and to the top of the hindpaw at the tattoo site and the difference was used to
calculate the dorsal-ventral paw thickness. The measurement sensor device used in these
experiments (4381 Precicura, Limab, Goteborg, Sweden) has a measurement range of 200 mm
with a 0.01 mm resolution.

2.7 Hindpaw temperature

The room temperature was maintained at 23°C and humidity ranged between 25-45%. The
temperature of the hindpaw was measured using a fine wire thermocouple (Omega, Stanford,
CT) applied to the paw skin, as previously described (Kingery et al. 2003). The investigator
held the thermistor wire using an insulating Styrofoam block. Three sites were tested over the
dorsum of the hindpaw; the space between the first and second metatarsals (medial), the second
and third metatarsals (central), and the fourth and fifth metatarsals (lateral). After a site was
tested in one hindpaw the same site was immediately tested in the contralateral hindpaw. The
testing protocol was medial dorsum right then left, central dorsum right then left, lateral dorsum
right then left, medial dorsum left then right, central dorsum left then right, and lateral dorsum
left then right. The six measurements for each hindpaw were averaged for the mean
temperature.

2.8 Fos spinal cord immunohistochemistry

Rats were euthanized with CO, and perfused intracardially with 200 ml 0.1 M PBS followed
by 200 ml neutral 10% buffered formaldehyde. Spinal cord segments (L3-L5) were removed,
post-fixed in the perfusion fixative overnight and cryoprotected in 30% sucrose at 4°C for 24
h. Serial frozen spinal cord sections, 40-mm-thick, were cut on a coronal plane by using a
sliding microtome, collected in PBS, and processed as free floating sections. Fos
immunostaining was performed as previously described (Sawamura et al. 2000). Because the
sciatic nerve projects heavily to the L3-L5 segments of the spinal cord, we analyzed the
numbers of Fos immunoreactive (Fos-IR) neurons at that level.

To evaluate and compare the distribution of Fos positive neurons in the lumbar spinal cord, a
Bioquant image analysis system (Bioquant, Nashville, TN) attached to Nikon Eclipse 80i
microscope was used. Images were captured using 10X magnification, converted to digital and
Fos-IR neurons were identified by dense black staining of the nucleus. The Fos-IR neurons
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were plotted and counted with Bioguant Automated Imaging module through four arbitrary
defined regions of the spinal grey matter of the L3 — L5 segments, according to the
cytoarchitectonic organization of the spinal cord (Rexed 1952; Molander and Grant 1986); the
superficial laminae (laminae I — I1), the nucleus proprius (laminae I11 — 1V), and the deep
laminae (laminae V - VI; neck) of dorsal horn, and the ventral horn (laminae VII — X). For
each section, the Fos-IR neurons were counted for each lamina, the counts were pooled, and
the average number was calculated giving a count that was the mean of all stained neurons in
those three sections per each cytoarchitectonic region. The investigator responsible for plotting
and counting of the Fos-IR neurons was unaware of the origin of the sections.

2.9 Microcomputed tomography (UCT)

Ex vivo scanning was performed for assessment of trabecular and cortical bone architecture
using UCT (VivaCT 40, Scanco Medical AG, Basserdorf Switzerland). Specifically, trabecular
bone architecture was evaluated at the distal femur and fourth lumbar vertebra and cortical
bone morphology was evaluated at the femur midshaft. CT images were reconstructed in 1024
x 1024-pixel matrices for vertebral, distal femur, and midfemur samples and stored in 3-D
arrays. The resulting grayscale images were segmented using a constrained Gaussian filter to
remove noise, and a fixed threshold (25.5% of the maximal grayscale value for vertebrae,
25.5% for distal femur and 35% for midfemur cortical bone) was used to extract the structure
of the mineralized tissue. The uCT parameters set at threshold = 255, ¢ = 0.8, support = 1 for
vertebral samples, threshold = 255, o = 0.8, support = 1 for distal femur, and threshold = 350,
o = 1.2, and support = 2 for midfemur evaluation analysis. A single operator outlined the
trabecular bone region within distal femur and vertebral body, and cortical bone region in
midfemur shaft.

All spinous processes were removed for L4 vertebrae scanning and 8 samples were fixed in a
notched plexiglas holder for batch scanning. Each vertebral body was scanned using 223
transversely oriented 21pum thick slices (21-pum isotropic voxel size) encompassing a length
of 4.68mm. The trabecular bone region was manually identified and all slices containing
trabecular bone between the growth plates were included for analysis. In the distal femur 150
transverse slices of 21um thickness (21-um isotropic voxel size) encompassing a length of
3.15mm were acquired, but only 100 slices encompassing 2.1mm of the distal femur were
evaluated, starting where the growth plate bridge across the middle of the metaphysis ends.
The region of interest (ROI) was manually outlined on each CT slice, extending proximally
from the growth plate. At the femur midshaft, 10 transverse CT slices were obtained, each 21
pm thick totaling 0.21 mm in length (21 um isotropic voxel size) and these were used to
compute the cortical bone area (BAr, mm?2) and other cortical bone parameters.

The vertebral and distal femur trabecular bone basic structural parameters, including bone
volume fraction (BV/TV, %), trabecular number (Th.N, mm™1), trabecular thickness (Tb.Th,
um), trabecular separation (Th.Sp,um), structure model index (SMI), and connectivity density
(Conn.D, mm~3) were measured in three dimensions using direct 3D morphometry based on
the distance transformation (Hildebrand and Ruegsegger 1997a; Hildebrand et al. 1999),
without assumptions regarding the underlying bone architecture (Hildebrand and Ruegsegger
1997h; 1997a). The connectivity of a two-component system, i.e., bone and marrow, was
defined directly as if all trabecular and bone marrow cavities are connected without isolated
marrow cavities inside the bone (Mashiba et al. 2001). It was normalized by examined tissue
volume and reported as Conn.D.

2.10 Study design

Baseline determinations were made of bilateral hindpaw temperature, thickness, mechanical
nociceptive withdrawal thresholds, and weighting bearing. After baseline tests the rats
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underwent a right distal tibia fracture with casting. The casts were removed after 28 days and
repeat bilateral testing of hindpaw temperature, thickness, mechanical nociceptive withdrawal
thresholds, and weighting bearing was performed. The rats were subcutaneously injected either
with sSTNF-R1 (200pl, 5mg/kg/d) or saline every third day, starting the day before the fracture,
over the 28 day post-fracture interval. Hindpaw temperature, thickness, and mechanical
nociceptive thresholds data were analyzed as the difference between the treatment side and the
contralateral untreated side. Right hindpaw weight bearing data was analyzed as a ratio between
the right hindpaw weight and the sum of right and left hindpaws values ((2R/(R+L)) x 100%).
Ex vivo uCT scanning was used to determine vertebral and femoral bone parameters for control
rats (no fracture) and fracture rats that were subcutaneously injected with either STNF-R1 or
saline. Spinal cord Fos protein expression was determined at 4 weeks after right tibia fracture.
There were three treatment groups: control rats (no fracture) and fracture rats that were
subcutaneously injected with either STNF-R1 or saline for 4 weeks, starting a day before the
tibia fracture.

2.11 Statistical analysis

3. Results

Statistical analysis was accomplished using a one-way analysis of variance (ANOVA) followed
by post hoc Newman-Keuls multiple comparison testing to compare between the control cohort
and the fracture rat cohorts that were injected with either STNF-R1 or saline. Pearson
correlation analysis was performed to determine associations between behavioral tests and Fos
expression. All data are presented as the mean = SE of the mean, and differences are considered
significant at a p value less than 0.05 (Prism 4, GraphPad Software, San Diego, CA).

3.1 Increased expression of TNF mRNA in hindpaw skin following distal tibia fracture in rats

Four weeks after fracture (n = 14) the TNF mRNA levels in the ipsilateral hindpaw skin were
7.5-fold greater than mRNA levels from control rats (n = 10, Fig. 1A). Contralateral hindpaw
skin TNF mRNA did not significantly differ from controls (Fig. 1A).

3.2 Increased expression of TNF protein in skin and nerve tissue of fracture rats

TNF protein levels were determined by ELISA in hindpaw skin (Fig. 2A), proximal tibia
trabecular bone (Fig. 2B), and sciatic nerve (Fig. 2C) at 4 weeks post-fracture. After fracture
(n = 14) TNF levels were higher in the ipsilateral hindpaw skin and sciatic nerve relative to
controls (n = 7). TNF levels were also higher in the contralateral hindpaw skin after fracture
vs controls. but there was no significant change in TNF levels in the ipsilateral tibia trabecular
bone vs control. After fracture the TNF levels in the ipsilateral limb were consistently higher
than TNF levels in the contralateral limb in all 3 tissues.

3.3sTNF-R1 effect on hindpaw vascular and nociceptive parameters after distal tibia fracture

The effects of STNF-R1 treatment on fracture induced hindpaw warmth, edema, mechanical
sensitivity and weight bearing were evaluated (Fig.3). Rats were injected with either STNF-R1
(5mg/kg/d every third day, n = 8) or saline (n = 7) subcutaneously for four weeks after the
fracture. At 4 weeks post-fracture the right hindpaw thickness (Fig. 3A) and temperature (Fig.
3B) were increased in the saline injected fracture rats compared to controls, and STNF-R1
treatment had no effect on these vascular changes. Figure 3C illustrates that von Frey
nociceptive thresholds in the right hindpaw were reduced after fracture, but STNF-R1 treatment
blocked the development of this mechanical allodynia. There was no significant difference
between the contralateral hindpaw von Frey withdrawal thresholds in the fracture cohorts or
the controls, indicating that the saline treated fracture rats did not develop mechanical allodynia
in the contralateral hindpaw and that STNF-R1 treatment had no effect on mechanical

Pain. Author manuscript; available in PMC 2009 July 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sabsovich et al. Page 8

nociceptive thresholds in the contralateral hindpaw after fracture. Figure 3D illustrates that
saline treated fracture rats unweighted the ipsilateral hindpaw by 60% at 4 weeks post-fracture
and sTNF-R1 treatment partially reversed this fracture induced unweighting to only 30%.

3.4 sSTNF-R1 effect on Fos expression in lumbar spinal cord after distal tibia fracture

Four weeks after the fracture we observed an increase in Fos expression in the ipsilateral dorsal
horn (Fig. 4) in laminae 1-11 (122%), in laminae 11-1V (164%), and laminae V-VI (130%) of
the lumbar spinal cord in saline treated fracture rats compared to controls (Fig. 5A, B, C).
Treatment with STNF-R1 inhibited or completely blocked this increase in Fos-IR neurons in
ipsilateral dorsal horn (Fig. 5A, B). In the contralateral dorsal horn of the saline treated fracture
rats there was a significant increase in Fos expression only in laminae V-VI1 (Fig. 5F) and this
increase was blocked by STNF-R1 treatment (Fig. 5D, E, F).

A Pearson correlation analysis for Fos neuron counts and the mechanical allodynia data was
performed. This analysis included results from the control, saline treated fracture, and STNF-
R1 treated fracture rats (n = 12). Correlation analysis identified a strong association between
reduced mechanical withdrawal thresholds in the hindpaw and increased numbers of Fos
positive neurons in the ipsilateral laminae 1-11 (Fig. 6A, p = 0.002, RZ = 0.627), I1I-1V (Fig.
6B, p = 0.002, R? = 0.627), and V-VI (Fig. 6C, p = 0.007, R? = 0.532). Thus rats with the
greatest mechanical sensitivity tended to have the highest Fos expression in the ipsilateral
dorsal horn, indicating that immediate-early gene activation in the spinal cord is a marker for
nociceptive sensitization.

3.5 sTNF-R1 had no effect on trabecular and cortical bone loss after fracture

Figure 7 shows pCT scans from control, saline treated fracture, and STNF-R1 treated fracture
rats, demonstrating fracture induced trabecular bone loss in the distal femur and L4 vertebrae.
Treatment with STNF-R1 had no effect on this post-traumatic regional osteopenia. Table 1 and
Figure 8 show quantitative data for the effect of fracture and STNF-R1 treatment on the distal
femur and L4 vertebral trabecular bone architecture. Fracture reduced BV/TV by 32% in the
ipsilateral distal femur (p < 0.001) and by 19% in the L, vertebra (p < 0.05) (panels 8A and
8C respectively). The BV/TV was 13% lower in the distal femur contralateral to the fracture
than in controls, but this did not reach significance (panel 8B). Also, Th.Th was reduced by
9.2% in the ipsilateral distal femur (p <0.01) and by 8.9% in the L4 vertebra (p < 0.01); Conn.D
decreased by 37.3% (p < 0.001) in the ipsilateral distal femur; and the SMI increased by 25%
(p <0.001) and by 15% (p < 0.05) in the ipsi- and contralateral distal femur, respectively, and
by 87.5% (p < 0.01) in the lumbar (L4) vertebrae indicating a transformation from plate- to
rod-like trabecular morphology. No significant changes were observed in any structural index
after administration of TNF-R1 vs saline fracture group (Table 1).

3.6 sSTNF-R1 had no effect on body mass after fracture

We observed a body weight loss four weeks after the right distal tibia fracture both in saline
and sTNF-R1 rats. At 4 weeks after fracture the saline treated rats (n = 7) had lost 22.1% of
their body mass (539 + 16 g baseline vs. 420 + 14 g at week 4), while STNF-R1 treated fracture
rats (n = 8) had lost 21.3% of their body weight (540 £ 15 g baseline vs. 425 £ 20 g at week
4). ANOVA analysis followed by post hoc Newman-Keuls multiple comparison testing
showed a significant change for both of the fracture groups vs. control group (n = 6, p < 0.001,
data not shown), but there was no difference between sTNF-R1 and saline treatment groups.

Discussion

After distal tibia fracture the rats developed chronic hindlimb edema, warmth, mechanical
allodynia, unweighting, increased spinal Fos, and periarticular bone loss, a syndrome closely
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resembling CRPS I. Compared to our previous data using the rat tibia fracture model(Guo et
al. 2004; Guo et al. 2006), the hindpaw edema (1.21 £ 0.21 mm) and warmth (2.5 + 0.9 C°)
observed in the current study were in the range of our previous results (0.97 + 0.16 to 2.18 =
0.46 mmand 1.6 £ 0.7 to 3.9 = 1.0 C°). Hindpaw mechanical allodynia (—9.7 £ 0.7 g) was
greater in the current study than in previous ones (—5.1 + 0.7 to —6.6 = 1.8 g), which could be
explained by variability of the fracture type, alignment, angulation, callus mechanical
properties, or cast tightness, as well as by genetic variability (adult 10-month-old male Sprague
Dawley rats were used in all experiments, but we changed vendors from Animal Technologies
Limited, Fremont CA to the Harlan, Indianapolis, IN during the course of these studies due to
Harlan purchasing and closing Animal Technologies).

The effects of distal tibia fracture were also examined on TNF expression in hindlimb skin,
tibia and nerve. Four weeks post-fracture there was an increase in TNF expression in the skin
of the fracture hindlimb (Fig. 1), as well as an elevation in TNF protein content in the skin and
sciatic nerve in the ipsilateral hindlimb (Fig. 2). As cytokines are normally expressed
transiently in response to stimuli, the persistent regional elevation of TNF observed 4 weeks
post-fracture indicates ongoing TNF synthesis after fracture, perhaps in response to the chronic
post-traumatic neurogenic inflammation that develops in this fracture model (Guo et al.
2004;Guo et al. 2006). Similarly, chronically elevated TNF levels have been observed in skin
blister fluid from symptomatic limbs of CRPS type | patients in both the intermediate (6 months
post-injury) and chronic (30 months post-injury) phases of the disease (Huygen et al.
2002;Huygen et al. 2004b;Munnikes et al. 2005).

Increased inflammatory cytokine signaling in the skin contributes to the sensory
hypersensitivity associated with inflammation. This may be due to the direct activation of
cytokine receptors on neurons or indirectly by stimulating the release of agents that act on the
neuron. TNF exerts its effects through the TNF receptor 1 (TNFR1) and the TNF receptor 2
(TNFR2) (for review see (Weinberg and Montler 2005)) and studies using TNFR1 (p55) and
TNFR2 (p75) knockout mice suggest that the TNFR1 receptor is the primary mediator of TNF
nociceptive activity (Cunha et al. 2005; Jin and Gereau 2006; Vogel et al. 2006). Skin
nociceptors express TNFR1 receptors and are activated and sensitized by TNF (Sommer and
Kress 2004; Myers et al. 2006). Furthermore, the subcutaneous injection of TNF into the rat
hindpaw reduces mechanical and heat nociceptive thresholds (Cunha et al. 1992; Woolf et al.
1997; Junger and Sorkin 2000) and these TNF pro-nociceptive effects are lost in TNFR1
knockout mice (Cunha et al. 2005; Jin and Gereau 2006).

Facilitated TNF signaling appears critical for the development of inflammatory pain behavior
in several animal models. Blocking TNF signaling inhibits the development of mechanical
allodynia and heat hyperalgesia in the carrageenan and CFA inflammatory pain models (Woolf
etal. 1997; Tonussi and Ferreira 1999; Cunha et al. 2005; Inglis et al. 2005). Immediately after
intraplantar injection of carrageenan or complete Freund’s adjuvant (CFA) the hindpaw TNF
levels begin rapidly increasing and this up-regulation persists in the inflamed paw for at least
5 days (Woolf et al. 1997; Cunha et al. 2005). There is also increased expression of TNFR1
and TNFR2 receptors within DRG tissues from inflammatory animal models (Li et al. 2004;
Inglis et al. 2005). The TNFR1 is expressed exclusively on neuronal cells and the TNFR2
receptor is expressed exclusively on macrophages and/or monocytes in the DRG under
inflammatory conditions (Li et al. 2004; Inglis et al. 2005). It has not been established which
TNF receptor subtype contributes to inflammatory hyperalgesia, but it has been shown that the
TNFR1 contributes to the development of mechanical and heat hyperalgesia after experimental
nerve injury (Sommer etal. 1998). Collectively these data suggest that enhanced TNF signaling
contributes to the development of inflammatory pain and we postulate that a similar mechanism
could mediate the mechanical allodynia, hindpaw unweighting, and spinal Fos activation
observed in the fracture model of CRPS.
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The primary aim of this study was to determine whether blocking TNF signaling would prevent
the development of the nociceptive, vascular, bone sequelae of fracture. Development of
mechanical allodynia after fracture was blocked with STNF-R1 treatment, whereas the
development of hindlimb unweighting was only partially inhibited with STNF-R1 treatment
(Fig. 3). Fracture induced Fos expression in the lumbar dorsal horn was completely also
blocked by sSTNF-R1 treatment (Fig. 4, Fig. 5). Correlation analysis demonstrated a strong
association between mechanical allodynia and ipsilateral Fos expression across all the dorsal
horn laminae (Fig. 6). The labeling pattern observed in the present study resembles that reported
after CFA-induced chronic inflammation (Abbadie and Besson 1992;Leah et al. 1996) and
sciatic nerve chronic constriction injury (Kajander et al. 1996;Catheline et al. 1999;Yamazaki
et al. 2001). The concentration of Fos labeling after the fracture was highest in laminae 111
which is heavily innervated by A and C primary afferents, and it has been suggested that
expression of Fos in these superficial laminae is a feature of cells involved in the processing
of high threshold nociceptive input (Hunt et al. 1987;Menetrey et al. 1989). Furthermore, there
was increased Fos labeling in deeper dorsal horn laminae 111-1V and V-VI ipsilaterally and to
a less extent V=VI contralaterally. Laminae I11-1V receive mainly Ag fiber connections from
low-threshold mechanoreceptors (LaMotte 1977;Woolf and Fitzgerald 1986;Woolf 1987),
while deep tissue nociceptive primary afferents Aé and C terminate in laminae V-VI (Woolf
and Fitzgerald 1986;Mense and Craig 1988;Hu and Zhao 2001). The increase in contralateral
Fos expression observed after fracture is consistent with the studies using unilateral noxious
stimuli and demonstrating increased Fos expression in the corresponding laminae on the
opposite side of the spinal cord (Hunt et al. 1987;Menetrey et al. 1989;Yamazaki et al. 2001).

Surprisingly, post-fracture hindpaw edema and warmth was not inhibited by STNF-R1
treatment (Fig. 3). These results indicate that TNF signaling is not required for the development
of vascular abnormalities after fracture. Another component of CRPS is a regional loss of
periarticular bone density (Bickerstaff et al. 1993;Sarangi et al. 1993). After distal tibia fracture
there was a 32% loss of trabecular bone in the ipsilateral distal femur, a 19% loss in the Ly
vertebra, and a 13% nonsignficant reduction in the contralateral distal femur (Fig. 8 and Table
1). Also, trabecular thickness and connectivity declined after fracture and SMI increased in the
ipsilateral distal femur, indicating a transformation to a more rod-like conformation (Table 1).
The loss of trabecular connectivity and the shift to a more rod-like trabecular structure indicates
that fracture induced trabecular resorption and perforation. No post-fracture cortical bone loss
was observed in the midfemur. These findings are consistent with our previous experiments
demonstrating a reduction in bone mineral density (BMD) in the distal femur and proximal
tibia after unilateral sciatic nerve section or tibia fracture in rats, with no BMD changes
observed in the diaphyses (Kingery et al. 2003a;Kingery et al. 2003b;Guo et al. 2004).

Multiple studies have showed that TNF is important in the pathogenesis of various forms of
bone loss, such as rheumatoid arthritis, and can stimulate osteoclast formation and maturation
(for review see (Boyce et al. 2005)). In the current study there was no significant difference in
bone microarchitectural parameters between the STNF-R1 and saline treatment cohorts at 4
weeks after fracture (Table 1). The lack of STNF-R1 effect in the ipsilateral hindlimb indicates
that TNF signaling does not play a role in the regional trabecular bone loss observed after
fracture. The lack effect in the contralateral hindlimb is consistent with previously published
studies demonstrating normal bone histomorphometry and BMD in TNF, TNFR1, and TNFR2
knockout mice, and in mice chronically treated with TNF antagonists (Kitazawa et al. 1994;
Kimble et al. 1995; Roggia et al. 2001; Nanes 2003; Roggia et al. 2004).

In summary, the rat tibia fracture model was used to investigate the molecular mechanisms
mediating the chronic inflammatory changes observed in CRPS. Increases in TNF expression
were observed in skin, nerve and bone, and pre-emptive STNF-R1 treatment inhibited the
development of pain behavior and spinal Fos activation after fracture. It is unlikely that
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systemically administered STNF-R1 can penetrate the blood-brain barrier due to its high
molecular weight (11,660 Da) and we postulate that the antinociceptive effects of STNF-R1
were mediated in the skin and/or nerve tissues of the injured limb where increases in TNF
expression were observed. These experimental data support the hypothesis that facilitated TNF
signaling in injured tissues is an important mediator of chronic pain after fracture.
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Figure 1.

Panel A shows PCR quantification of TNF mRNA levels in skin samples from hindpaws
ipsilateral (Fx-ipsilateral) and contralateral (Fx-contralateral) to tibia fracture (n = 14),
normalized to control samples (n = 10). At 4 weeks after fracture TNF expression was increased
only in the ipsilateral hindpaw. Panel B shows the ethidium bromide bands derived from skin
samples obtained from a control rat hindpaw and from the ipsilateral and contralateral hindpaws
of a fracture rat.

P <0.001
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Figure 2.

TNF protein levels in rat hindpaw skin (A), tibia bone (B), and sciatic nerve (C) were
determined by enzyme-linked immunoassay. Tissues were collected from the bilateral
hindlimbs at 4 weeks after tibia fracture (n =14) or from control rats (n = 7). Fracture increased
TNF protein levels in skin (A) and nerve(C), in the ipsilateral hindpaw relative to controls, and
in skin, bone and sciatic nerve compared to the contralateral side.

" P <0.001 and * P < 0.05 for fracture vs. control values, # P < 0.01 for ipsilateral vs.
contralateral fracture values
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After baseline testing, the right distal tibia was fractured and the hindlimb casted for 4 weeks.
STNF-R1 (n = 8, FX-sTNF-R1) or saline (n = 7, Fx-saline) was subcutaneously injected every
third day over a 4 week period after fracture. The STNF-R1 treatment had no effect on the
hindpaw edema (A) or warmth (B), but did reverse hindpaw mechanical allodynia (C) and the
hindlimb unweighting (D) that developed after fracture. Measurements for (A), (B), and (C)
represent the difference between the fracture side and the contralateral paw, thus a positive
value represents an increase in thickness or temperature on the fracture side, a negative value
represents a decrease in mechanical nociceptive thresholds on the affected side. Measurements
for (D) represent weight bearing on the fracture hindlimb as a ratio to 50% of bilateral hindlimb

loading, thus a percentage lower than 100% represents hindpaw unweighting.
P < 0.001 fracture vs. control values, and ## P < 0.001 fracture STNF-R1

KKKk

* P <0.05,
treatment vs. fracture saline treatment.

Pain. Author manuscript; available in PMC 2009 July 31.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Sabsovich et al.

Page 19

pa A
@v e
2 T
N |

-
o

Figure 4.

Microphotographs illustrating the distribution of Fos-IR neurons in the lumbar (L4-L5
segments) spinal cord dorsal horn. All images of the spinal cord were captured with a 4X
objective. Panels A and B demonstrate the right and left sides, respectively, of a control rat
spinal cord section. Panels C and D demonstrate the ipsilateral and contralateral sides,
respectively, of a tibia fracture rat treated with saline. A dense Fos immunostaining can be seen
in the superficial laminae (I and I1) and through the deep laminae in the ipsilateral (C) and in
the contralateral dorsal horn (D). Treatment with STNF-R1 blocked this increase in Fos-IR in
the ipsilateral and contralateral dorsal horn of a tibia fracture rat (E and F respectively). The
scale bar represents 100pm.
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Figure 5.

Four weeks after tibia fracture and casting the L4, L5 lumbar spinal cord segments were
sectioned and stained for Fos immunoreactivity. Results are expressed as the mean number of
spinal Fos-IR neurons/section (+ SEM), per dorsal horn laminar region (laminae | + 11, 11 +
IV and V + VI). Graphs (A), (B), and (C) represent the right side of the spinal cord (ipsilateral
to the fracture side), whereas graphs (D), (E), and (F) represent the left side of the spinal cord
(contralateral to the fracture side). Fracture (Fx) increased Fos expression in all three dorsal
horn laminar regions ipsilateral to fracture, and in laminar region VV+VI contralateral to fracture.
Treatment with STNF-R1 (n=9, Fx-sTNF-R1) significantly decreased fracture induced spinal
Fos expression, compared to the saline treated tibia fracture rats (n=9, Fx-saline).

" P <0.05 ™ P<0.01, "™ P <0.001 fracture saline treatment vs. control group (n=9), and #
P < 0.05, ## P < 0.001 fracture STNF-R1 treatment vs. fracture saline treatment.
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Linear regression demonstrated a significant correlation between the extent of the mechanical
allodynia in the fracture hindlimb and number of Fos positive spinal neurons in the ipsilateral
laminae I-11 (A, P =0.004, R2 = 0.587), laminae I11-IV (B, P = 0.003, R2=0.597), and laminae
V-VI (C, P = 0.006, R2 = 0.548).
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Figure 7.

Three dimensional microCT images of the ipsilateral distal femur (A, B, C) and L4 vertebra
(D, E, F) illustrating changes in the trabecular bone compartment at 4 weeks after tibia fracture.
Scans A and D are from a control rat; B and E are from a fracture rat treated with saline; and
C and F are from a fracture rat treated with STNF-R1. There was a marked regional loss of
trabecular bone after tibia fracture (B, E), which was unaltered by preemptive STNF-R1
treatment (C, F). White bar represents 1 mm.
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After the right tibia was fractured and the hindlimb casted for 4 weeks the rats were sacrificed
and the bilateral distal femurs and L4 vertebrae were collected for ex-vivo uCT scanning. After
tibia fracture with 4-weeks saline treatment (Fx-saline) there was extensive regional trabecular
bone loss in the ipsilateral (A) and contralateral (B) distal femur, as well as in the L, vertebra
(compaired to control rats, n = 11 per cohort for distal femur and n = 8 per cohort for vertebral
data). There was no effect on midfemur cortical bone (data not shown). A 4-week course of

STNF-R1 treatment (FX-sTNF-R1) had no effect on the development of trabecular bone loss

in any region of interest.
P < 0.001 vs. control group.
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* P <0.05,

Pain. Author manuscript; available in PMC 2009 July 31.



Page 24

Sabsovich et al.

"$aN[A |0J3U0D SA 3IN1oeRIY 10} TOO'0 > d
*

xx

100>d
x¥

Go0>d
.

"3S F sueaw Se passaldxa elep ||\ "a1moely Jale $3aaM ¢ Je | 1l AQ OAIA X8 painsesw sabueyd [eimonns

AU VEF6'T9 897F918.¢ H0FTI8 600 F9€ LB0FVTC 8 TY-3INLs-Xd

LIT0FST 297885 YT FST6C 57T 88L 9T0FGE LBTFo0C 8 auljes-x4

LT0¥80 0'G¥ .65 ZSTFTY6C 8T¥598 ITOFGE 8TFEGC 8 [04u0d
Apoq [eigalian

L L00FTT 8TF .22 9LT 7 68TY TT78%69 0T0% 62 LOFE0T " NI

LI00F€C €TFLIC e FGETY TCFVEL YT0FSC 80FVTI 1T aulfes-x4

S00%0C veFeee 9'8T ¥ 0'€6E LTF9¥%L Z10%9¢ LOFTET 1 104U0D
4Q [elarejenuod

ey FT0F 9T ey FCFO9T 6'VT  8'LEY WISTFTLY 800F¥'Z eyl OFEB 11 TY-ANLS-Xd

***oo.o w qC i*m.ﬁ w €8T 68T m YAAS A im.._” m L'[9 0T'0 w 'z f&m.oﬂ. 68 I aules-x4

S00%0C veFeee 9'8T ¥ 0'€6E LTF9¥%L Zr0%9¢ LOFTET 1 104u0D
4a lesoreyisd]

(e-0) INS (;-ww) @'uuod (wr) dsqL (wr) yrar (j_ww) N'aL (%) ALINE u

NIH-PA Author Manuscript

101 Ag parenjeas auoq Jejndagey [eigalisA ¥ pue Inwsaj [eisiq
TalqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript

Pain. Author manuscript; available in PMC 2009 July 31.



