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Abstract

Complex regional pain syndrome (CRPS) is a painful, disabling, chronic condition whose etiology
remains poorly understood. The recent suggestion that immunological mechanisms may underlie
CRPS provides an entirely novel framework in which to study the condition and consider new
approaches to treatment. Using a murine fracture/cast model of CRPS, we studied the effects of B-
cell depletion using anti-CD20 antibodies or by performing experiments in genetically B-cell-
deficient (UMT) mice. We observed that mice treated with anti-CD20 developed attenuated
vascular and nociceptive CRPS-like changes after tibial fracture and 3 weeks of cast
immobilization. In mice with established CRPS-like changes, the depletion of CD-20+ cells
slowly reversed nociceptive sensitization. Correspondingly, UMT mice, deficient in producing
immunoglobulin M (IgM), failed to fully develop CRPS-like changes after fracture and casting.
Depletion of CD20+ cells had no detectable effects on nociceptive sensitization in a model of
postoperative incisional pain, however. Immunohistochemical experiments showed that CD20+
cells accumulate near the healing fracture but few such cells collect in skin or sciatic nerves. On
the other hand, IgM-containing immune complexes were deposited in skin and sciatic nerve after
fracture in wild-type, but not in uMT fracture/cast, mice. Additional experiments demonstrated
that complement system activation and deposition of membrane attack complexes were partially
blocked by anti-CD20+ treatment. Collectively, our results suggest that CD20-positive B cells
produce antibodies that ultimately support the CRPS-like changes in the murine fracture/cast
model. Therapies directed at reducing B-cell activity may be of use in treating patients with CRPS.
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1. Introduction

Complex regional pain syndrome (CRPS) is a painful, disabling, and often chronic
condition. Acute CRPS often improves over the first year, particularly if therapy is initiated
early in the course of the condition [1]. However, CRPS present for a period of 1 year or
greater seldom spontaneously resolves [55], and worsens in most patients from years 1 to 8
after onset [65]. More than 80% of patients with chronic CRPS are severely disabled [59].
Current therapies for CRPS include physical, interventional, pharmacological, and
alternative approaches [7, 11]. Unfortunately, the effectiveness of most of these therapies is
limited, and no therapy reliably cures chronic CRPS. The syndrome encompasses a disparate
collection of signs and symptoms involving the sensory, motor, and autonomic nervous
systems, bone demineralization, skin growth changes, and vascular dysfunction, all limited
to a single extremity in most cases [40]. Our lack of understanding of the pathophysiological
mechanisms supporting this enigmatic condition limits our ability to predict susceptibility
and prevents the rational design of new therapies. The recent suggestion that CRPS may be
supported by immunological mechanisms provides an entirely novel framework in which to
study CRPS and consider new approaches to treatment.

Identifying an autoimmune mechanism for CRPS might help to explain the broad nature of
the syndrome’s signs and symptoms as well as difficulties in achieving adequate symptom
control, remission, or cure using standard therapies. Exploration of CRPS-related immune
system activation began with the serendipitous observation of symptom improvement in
CRPS patients treated with intravenous immunoglobulin (IVIG) for unrelated conditions
[15]. Eventually, a randomized trial of low-dose IVIG showed intermediate duration control
of CRPS symptoms in some patients [14]. An autoimmune mechanism was suggested by
experiments demonstrating that immunoglobulin G (1gG) prepared from the sera of CRPS
patients bound to cultured autonomic neurons, with little evidence of such interactions when
sera from patients with other types of neuropathies were used [30]. Later experiments using
a beating cardiomyocyte preparation suggested that most CRPS, but not healthy, patients
had autoantibodies binding to and activating the M-2 muscarinic and/or the -2 adrenergic
receptor [29]. Additional evidence for autoimmune mechanisms in CRPS includes genetic
data supporting CRPS associations with specific human leukocyte antigens [9, 62, 64],
studies showing that 1gG from CRPS patients worsens nociceptive sensitization in
laboratory animals [61], and case reports of Langerhans antigen presenting cell proliferation
in CRPS-affected skin [4]. While many of the aforementioned data involve small patient
numbers and heterogeneous patient populations, these intriguing reports suggest that
autoimmune mechanisms may support CRPS.

Our group has worked extensively with a rodent model of CRPS involving tibial fracture
followed by weeks of cast immobilization [18]. It has been used successfully to study the
effects of fracture on neuropeptide signaling, the sympathetic nervous system, mast cell
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infiltration, epidermal cytokine production, and other CRPS-related phenomena [20, 36, 37,
52].We hypothesized that we would discover evidence of autoimmunity contributing to the
nociceptive and neurovascular CRPS-like changes manifest in this model.

2. Materials and methods

2.1. Animals

All animal experiment protocols were approved by the Veterans Affairs Palo Alto Health
Care System Institutional Animal Care and Use Committee (Palo Alto, CA, USA) and
followed the animal subjects guidelines of the International Association for the Study of
Pain. Male C57BL/6J mice and pMT mice in the same background strain were obtained
from The Jackson Laboratory (Sacramento, CA, USA) at 8-12 weeks of age. Experiments
were done after a 7-10-day acclimation period in our animal care facility. The animals were
housed 4 per cage under pathogen-free conditions with soft bedding and were given food
and water ad libitum, with a 12:12 light:dark cycle. The animals were fed Teklad lab rodent
diet 2018 (Teklad Diets; Harlan Laboratories, Indianapolis, IN, USA), which contains 1.0%
calcium, 0.7% phosphorus, and 1.5 [U/g vitamin D3. Data collection was conducted blind to
group assignment.

2.2. Surgery

The mouse fracture model was used [20]. Under isoflurane anesthesia, a hemostat was used
to make a closed fracture of the right tibia just distal to the middle of the tibia. The hind limb
was then wrapped in casting tape (Delta-Lite; BSN Medical, Hamburg, Germany) so the hip,
knee, and ankle were all fixed. The cast extended from the metatarsals of the hind paw up to
a spica formed around the abdomen. A window was left open over the dorsal paw and ankle
to prevent constriction if postfracture edema developed. After fracture and casting, the mice
were given, subcutaneously, 2 days of buprenorphine (0.05 mg/kg) and baytril (5 mg/kg), as
well as 1.0 mL of normal saline to maintain hydration. At 3 weeks after surgery, the mice
were anesthetized with isoflurane and the cast removed. All mice had union at the fracture
site, by manual inspection.

The mouse hind paw incision model was used [45]. Mice were anesthetized using isoflurane
3% in an induction chamber and transferred to the operating table receiving isoflurane 2%
(2L of oxygen) delivered through a nose cone. After sterile preparation, a 5-mm longitudinal
incision was made with a number 11 scalpel on the plantar surface of the right hind paw.
This incision was sufficiently deep to divide deep tissues. Next, the plantaris muscle was
dissected longitudinally. After controlling bleeding, a single 6-0 nylon suture was placed
through the midpoint of the wound and antibiotic ointment was applied. Nociceptive testing
took place at time points up to 7 days after incision.

2.3. B-cell depletion/deficiency experiments in the fracture CRPS models

Three sets of experiments were performed to test the hypothesis that B cells can regulate
cutaneous inflammation and nociceptive thresholds after fracture. In the first set of
experiments, mice underwent a right distal tibia fracture and were casted. After 1 week of
cast immobilization, they were treated with anti-mouse CD20 antibody (rituximab) or
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control 1gG 5D2 clone (200 pg in 100 pL volume) supplied by Genentech (South San
Francisco, CA, USA) via intravenous tail vein injection; groups of nonfracture control mice
treated with either control IgG or anti-CD20 served as controls. Hind paw nociceptive
testing and assessment of warmth and edema were performed at 3 weeks after fracture
following cast removal, and in intact control mice. After completion of nociceptive and
physiological measurements, blood was obtained by terminal cardiac puncture and
processed for flow cytometry to evaluate the efficiency of B-cell depletion as described
below.

Second, we used B-cell-deficient mice (uMT) and C57BL/6J wild-type controls (Jackson
Laboratory). Fracture/casting and testing procedures were as described for B-cell depletion
experiments.

Lastly, we tested the efficacy of B-cell depletion therapy by antiCD20 in the CRPS model
after nociceptive and vascular changes were established. Mice underwent tibia fracture and
were casted for 3 weeks. Following cast removal and the completion of initial nociceptive
and physiological testing, mice were treated with mouse anti-CD20 or control IgG as
described above. Groups of nonfracture mice treated with either control nonimmune IgG or
anti-CD20 served as controls. Hind paw nociceptive testing and physiological testing were
then performed 1, 7, 14, 21, and 28 days after antibody injection.

2.4. B-cell-depletion experiments in the mouse hind paw incisional model

To test if B cell contributes to all trauma-related pain syndromes, hind paw incisional model
of postsurgical pain was employed. Mice received anti-CD20 antibody or control 1gG 5D2
clone (200 pg/100 pL, Genentech) once via tail vein intravenous injection 24 hours before
performing the surgery.

2.5. Hind paw nociceptive testing

To measure mechanical allodynia in the mice, an up-down von Frey testing paradigm was
used as previously described [18, 19, 27, 38]. Briefly, mice were placed on wire mesh
platforms in clear cylindrical plastic enclosures 10 cm in diameter and 40 cm in height, and
after 15 minutes of acclimation, von Frey fibers of sequentially increasing stiffness were
applied against the hind paw plantar skin at approximately midsole, taking care to avoid the
tori pads, and pressed upward to cause a slight bend in the fiber and left in place for 5
seconds. Withdrawal of or licking the hind paw after fiber application was scored as a
response. When no response was obtained, the next stiffest fiber in the series was applied to
the same paw; if a response was obtained, a less stiff fiber was applied. Testing proceeded in
this manner until 4 fibers had been applied. Estimation of the mechanical withdrawal
threshold by data-fitting algorithm permitted the use of parametric statistics for analysis
[46]. Hind paw mechanical nociceptive thresholds were analyzed as the difference between
the fractured side (right hind paw) and the contralateral unfractured side (left hind paw), or
absolute values in the hind paw incision model.

An incapacitance device (IITC Inc. Life Science, Woodland Hills, CA, USA) was used to
measure hind paw unweighting. The mice were manually held in a vertical position over the
apparatus with the hind paws resting on separate metal scale plates, and the entire weight of
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the mouse was supported on the hind paws. The duration of each measurement was 6
seconds, and 6 consecutive measurements were taken at 10-second intervals. All 6 readings
were averaged to calculate the bilateral hind paw weight-bearing values [18, 19, 27]. Right
hind paw weight-bearing data were analyzed as a ratio between the right hind paw weight
and the sum of right and left hind paw values ([2R/(R + L)] x 100%).

2.6. Hind paw volume testing

A laser sensor technique was used to determine the dorsal-ventral thickness of the hind paw,
as we have previously described [38]. The measurement sensor device used in these
experiments (Limab, Goteborg, Sweden) has a measurement range of 200 mm, with a 0.01-
mm resolution. Hind paw volume data were analyzed as the difference between the fractured
side and the contralateral unfractured side.

2.7. Hind paw temperature testing

The temperature of the hind paw was measured using a fine-wire thermocouple (Omega
Engineering Inc, Stamford, CT, USA) applied to the paw skin, as previously described [38].
The investigator held the wire using an insulating styrofoam block. Three sites were tested
over the dorsum of the hind paw: 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 hind paw, the same site was immediately tested in the
contralateral hind paw. 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 6 measurements for each hind
paw were averaged for the mean temperature. Hind paw temperature data were analyzed as
the difference between the fractured side and the contralateral unfractured side.

2.8. Flow-cytometry analysis

After behavioral tests at 3 weeks post fracture, whole blood was collected with
ethylenediaminetetraacetic acid (EDTA; 250 mM) into 1.5-mL tubes and transferred into 5-
mL round-bottomed tubes. Whole blood was diluted 1:10 with red blood cell lysis buffer
(Sigma-Aldrich, St. Louis, MO, USA), gently mixed for 1 minute, and then incubated for 10
minutes until translucent. The samples were diluted with Hanks balanced salt solution
(HBSS; Gibco, Life Technologies, Grand Island, NY, USA) and centrifuged at 4009 for 5
minutes. The supernatant was discarded and the pellet washed 3 times with fluorescence-
activated cell sorting (FACS) buffer (5% fetal bovine serum and 0.02% sodium azide in
phosphate-buffered saline [PBS]), then transferred into a fresh 5-mL round-bottomed FACS
tube for staining. Splenocytes were collected from whole spleen and passed through a 50-um
filter with HBSS. Cells were pelleted by centrifugation at 400g for 5 minutes, resuspended
in 1 mL red blood cell lysis buffer (Sigma-Aldrich), and incubated for 10 minutes. Cells
were diluted in HBSS, washed 3 times with FACS buffer, and transferred to fresh 5-mL
tubes for staining. Prepared samples were kept on ice and in the dark during the staining
procedure. Briefly, about 1 x 106 cells were stained in 150 pL. FACS buffer. Unconjugated
CD16/CD32 (0.5 pL, FC block) was added and incubated for 15 minutes. Conjugated
antibodies for staining were thoroughly mixed, then aliquoted to each sample (1 pL each
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antibody/sample). Samples were incubated in the dark on ice for 30 minutes. One mL of
FACS buffer was added per sample, then cells were pelleted by centrifugation at 400g for 5
minutes. The cells were washed 2 more times, and then analyzed on a BD Fortessa flow
cytometer (BD Biosciences, San Jose, CA, USA).

Antibodies used for FACS were: Fc blocker, purified rat antimouse CD16/CD32 Clone
2.4G2, FITC rat anti-mouse CD3 (BD Biosciences), APC-cy7 rat anti-mouse CD4 (BD
Biosciences), Pacific blue rat anti-mouse CD8, APC rat anti-mouse CD19 (eBioscience, San
Diego, CA, USA), PE-cy7 Armenian hamster anti-human/rat/mouse CD27 (eBioscience),
and APC rat anti-human/mouse CD45R (B220) (eBioscience).

2.9. Tissue processing and immunofluorescence confocal microscopy

To assess CD20+ B-cells infiltration and C5b-9 deposition in the sciatic nerve and hind paw
skin at 3 weeks after fracture, mice were euthanized and immediately perfused with 4%
paraformaldehyde (PFA) in PBS, pH 7.4, via the ascending aorta; the sciatic nerve, hind
paw skin including sub-dermal layers was removed and post-fixed in 4% PFA for 2 hours,
and then the tissues were treated with 30% sucrose in PBS at 4 °C before embedding in
optimum cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA).
Following embedding, 10-pm thick slices were made using a cryostat, mounted onto
Superfrost microscope slides (Fisher Scientific, Pittsburgh, PA, USA), and stored at —80 °C.
To examine if B cells were present in bone callus, tibial bones, including the fracture site,
were excised with surrounding soft tissue, fixed with 4% PFA at 4 °C for 48 hours and
decalcified in a 1:1 solution of 4% PFA and 14% EDTA at 4 °C for 3 weeks. After
equilibration in 30% sucrose in PBS, bones were embedded in OCT compound, then cut into
12-pm sagittal slices, mounted onto Superfrost microscope slides, and stored at —80 °C.
Spleen was collected and prepared as positive control for CD20 immunostaining.

Frozen sections were permeabilized and blocked with PBS containing 10% donkey serum
and 0.3% Triton X-100 before primary antibody incubation. Sections were incubated either
with polyclonal rabbit anti-CD20, 1:200 (Abcam, Cambridge, MA, USA) or polyclonal
rabbit anti-C5h9, 1:250 (Abcam) diluted in PBS containing 2% serum at 4 °C overnight.
After washing in PBS, the sections were incubated with donkey anti-rabbit immunoglobulin
G conjugated with Dylight 547, 1:500 (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) at room temperature and counterstained with DAPI (diluted 1:3000; Thermo
Scientific, Waltham, MA, USA) to locate nuclei. After 3 washes, the sections were mounted
with anti-fade mounting medium (Invitrogen, Life Technologies). Images were visualized
and captured using a confocal microscope (Zeiss LSM710, Carl Zeiss, Jena, Germany).
Control experiments included incubation of slices in primary and secondary antibody-free
solutions, both of which led to low-intensity nonspecific staining patterns in preliminary
experiments (data not shown).

2.10. Enzyme immunoassay

Mouse hind paw skin was collected and frozen immediately on dry ice. Skin tissue was cut
into fine pieces in ice-cold PBS, pH 7.4, containing a cocktail of protease inhibitors (Roche
Applied Science, Indianapolis, IN, USA) and followed by homogenization using a Polytron
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device (Brinkmann Instruments, Westbury, NY, USA). Homogenates were centrifuged at
12,000g for 15 minutes at 4 °C and supernatant fractions were frozen at —80 °C until
required for enzyme-linked immunosorbent assay (ELISA) performance. An aliquot was
subjected to protein assay (Bio-Rad Laboratories Inc, Hercules, CA, USA) to normalize
mediator levels. Interleukin (IL)-1p, IL-6, and tumor necrosis factor-a protein levels were
determined using ELISA kits (R&D Systems, Minneapolis, MN, USA), C5b-9 membrane
attack complex (MAC) levels were detected using C5b-9 ELISA kits (MyBioSource, San
Diego, CA, USA), and the nerve growth factor (NGF) concentrations were measured by
using the ChemiKine NGF ELISA kit (Millipore, Billerica, MA, USA) according to the
manufacturer’s instructions. The results of these assays were confirmed by repeating each
experiment twice.

2.11. Western blot analysis

Mouse hind paw skin and sciatic nerve were harvested at 3 weeks after fracture (n = 4/
group) and stored at =80 °C. All tissues were homogenized in ice-cold Tris buffer with 0.7%
(v/v) B-mercaptoethanol and 10% glycerol. Lysates were centrifuged at 13,0009 for 15
minutes at 4 °C, and the protein concentration of the supernatant was measured by a Bio-
Rad DC protein assay reagent (Bio-Rad). Equal amounts of protein (50 pg) were size
fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
onto a polyvinylidene difluoride membrane. The blots were blocked overnight with 5%
normal serum in Tris-buffered saline with 0.5% Tween-20, and incubated with primary
antibodies against immunoglobulin M (IgM) or p-actin (Santa Cruz Biotechnology, Dallas,
TX, USA) for 1 hour on a rocking platform at room temperature. After 3 washes, the blots
were incubated with secondary antibody for 1 hour at room temperature. The membrane was
then washed again, and proteins were detected using ECL chemiluminescence reagent (GE
Healthcare, Pittsburgh, PA, USA). The band intensities were quantified using ImageJ
(National Institutes of Health, Bethesda, MD, USA).

2.12. Statistical analysis

3. Results

For simple comparisons of 2 means, unpaired Student t-tests were performed. For more
complex datasets we used 2-way analysis of variance or 2-way repeated-measures analysis
of variance with Bonferroni corrections as detailed in the figure legends. All data are
presented as the mean + SEM, and differences are considered significant at a P value < 0.05
(Prism 6, GraphPad Software, La Jolla, CA, USA).

3.1. Blood lymphocyte subsets are unchanged after fracture

First we determined whether peripheral lymphocyte subsets were altered in the fracture
mice. Using flow cytometry, we analyzed lymphocyte subsets in the peripheral blood of
control and 3-week postfracture mice. As shown in Fig. 1, the percentages of several
circulating peripheral blood lymphocyte populations, including total T cells (Fig. 1A), T-
helper cells (Fig. 1B), T-effector cells (Fig. 1C), B cells (Fig. 1D, F), and plasmablasts (Fig.
1E), were not different between 3-week postfracture mice and controls.
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3.2. Anti-CD20 treatment depletes peripheral B cells

To evaluate the ability of anti-CD20 monoclonal antibody rituximab to deplete B cells in the
mouse model of CRPS, we treated fracture/cast mice with one dose of anti-CD20 (200
ng/100 pL/ mouse) or control antibody at 1 week after fracture. Mice were sacrificed at 3
weeks after fracture to monitor the efficacy of antiCD20 mediated B-cell depletion in
peripheral blood and spleen. As noted in Fig. 2A and C, flow cytometry analysis
demonstrated that the abundance of CD20 B cells dramatically decreased to nearly
undetectable levels in both blood and spleen 3 weeks after fracture (2 weeks after antibody
injection). Quantification analysis (Fig. 2B, D) of flow cytometry B-cell data showed that
anti-CD20 IgG treatment significantly depleted B cells in both blood (P < 0.001) and spleen
(P < 0.001) in the fracture/cast mice.

3.3. Anti-CD20 prevents CRPS-like changes 3 weeks after fracture

Taking advantage of the anti-CD20 antibody, we examined the hypothesis that B cells are
required for the development of CRPS-like changes in the mouse fracture/cast CRPS model.
One dose of anti-CD20 or control IgG was administered systemically (tail vein injection) 1
week after fracture. Nociceptive and vascular changes were evaluated 3 weeks after fracture
(1 day after cast removal). In preliminary experiments we did not observe any effects
resulting from the injection of IgG alone on mechanical thresholds (-0.02 + 0.07 in no
fracture/no treatment, n = 8 vs 0.02 £ 0.09 in no fracture/IgG, n = 10), weight bearing (100.1
+ 0.35 in no fracture/no treatment, n = 8 vs 100.4 £ 0.25 in no fracture/IgG, n = 10), warmth
(-0.02 £ 0.1 in no fracture/no treatment, n = 8 vs 0.05 = 0.05 in no fracture/IgG, n = 10) or
edema (0.01 + 0.03 in no fracture/no treatment, n = 8, vs —0.004 + 0.003 in no fracture/IgG,
n = 10). As shown in Fig. 3, there were no lateralized nociceptive or vascular changes
observed in the nonfracture animals treated with either control 1gG or anti-CD20. After tibia
fracture and 3 weeks cast immobilization, the control 1gG-treated mice developed hind paw
mechanical allodynia (Fig. 3A, P < 0.001), unweighting (Fig. 3B, P < 0.001), warmth (Fig.
3C, P <0.001), and edema (Fig. 3D, P < 0.001). However, anti-CD20 B-cell depletion
significantly reduced these nociceptive and vascular changes [significant main effect of
treatment: F(1, 47) = 292.05, P < 0.001 for mechanical allodynia; F(1, 47) = 166.28, P <
0.001 for unweighting; F(1, 46) = 8.65, P < 0.01 for warmth; and F(1, 48) = 71.42, P<
0.001 for edema], suggesting a role for B cells in the development of postfracture CRPS-like
changes.

3.4. Reduction of CRPS-like changes in B-cell-deficient uMT fracture mice

A complementary approach using transgenic B-cell deficient (UMT) mice was undertaken to
further address the B-cell autoimmunity hypothesis. In this experiment, both uMT and wild-
type mice were fractured and casted for 3 weeks, with wild-type and uMT nonfractured mice
used as controls. Fig. 4 presents the effects of fracture and cast immobilization on
nociceptive and vascular changes at 3 weeks post fracture in the uMT and wild-type mice. In
the wild-type animals, tibia fracture caused chronic allodynia and hind paw unweighting
(Fig. 4A, P <0.001 and 4B, P < 0.001) and vascular changes (Fig. 4C, P <0.05 and 4D, P <
0.05) in the injured limbs, whereas B-cell-deficient mice undergoing fracture had attenuated
hind paw mechanical allodynia [significant main effect of strain: F(1, 28) = 8.6, P < 0.01;
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Fig. 4A] and unweighting [significant main effect of strain: F(1, 31) = 98.09, P < 0.001; Fig.
4B], and no hind paw warmth developed: F(1, 33) = 7.90, P < 0.01; Fig. 4C.

3.5. Delayed anti-CD20 therapy reduces CRPS-like changes

Next, we investigated the therapeutic efficacy of anti-CD20 on established nociceptive and
vascular changes in the CRPS model. Fracture mice were treated with a single dose of either
anti-mouse CD20 or control 1gG at 3 weeks post fracture, that is, 1 day after cast removal
when maximal postfracture CRPS-like changes are established. Intact animals treated with
control 1gG or anti-CD20 served as controls. Hind paw nociceptive testing and assessment
of warmth and edema were performed at baseline prior to fracture, again at 3 weeks post
fracture the day after cast removal immediately prior to injection, and during the 28-day
period following Ig injection. Fig. 5 demonstrates that a single intravenous anti-CD20
injection alleviated hind paw mechanical allodynia [significant main effect of treatment:
F(1, 100) = 39.7, P < 0.001; Fig. 5A] and unweighting [significant main effect of treatment:
F(1, 101) = 42.50, P < 0.001; Fig. 5B] between days 7 and 21 after treatment. Hind paw
warmth [F(1, 101) = 0.05, P = 0.83; Fig. 5C] and edema [F(1, 101) = 0.12, P = 0.73; Fig.
5D] were not altered when B cells were depleted in this delayed fashion in fracture mice.
There were no effects of control 1gG or anti-CD20 over the time course of the experiment.
This finding indicates that B cells are required not only for the development, but the
maintenance of at least the nociceptive CRPS-like symptoms in the fracture CRPS model.

3.6. B-cell depletion does not alter postincision nociception

We next sought to determine if the antinociceptive effects of CD20+ cell depletion observed
in the fracture/cast model were generalizable to a more acute model of pain after trauma. For
this purpose we selected the hind paw incisional model of postsurgical pain [45]. CD20+
cells were depleted by injection of anti-CD20 or control antibody 24 hours prior to incision
as described for the fracture/cast animals. Depletion of the CD20+ target cells occurs
extremely rapidly after antibody administration and reaches a nadir by approximately 24
hours after injection [47]. Animals then underwent unilateral hind paw incision, and
mechanical nociceptive withdrawal thresholds were followed until they approximated
control levels. Hind paw incision induced a sustained mechanical allodynia that lasted for 6
days [significant main effect of surgery: F(1, 10) = 131.89, P < 0.001]. However, there were
no differences seen between the control and CD20+ depleted incised groups [F(1, 10) =
131.89, P = 0.35; Fig. 6]. No effects of anti-CD20 were observed on the thresholds of the
contralateral nonincised paws (data not shown).

3.7. B cells appear near the site of bone callus after fracture

We sought to determine if B cells infiltrated tissues ipsilateral to fracture and cast
immobilization. For these experiments we targeted our detection efforts against the same
CD20 antigen used to deplete B cells in the preceding studies. As a control experiment we
stained splenic tissue. Inspection of the splenic sections revealed abundant CD20-positive
cells, as expected (Fig. 7A). Positive staining was also found near the site of the healing
fracture in the bone callus (Fig. 7B), and rare CD20+ cells were seen in sciatic nerves (Fig.
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7C). There was no evidence of B-cell infiltration in the hind paw skin 3 weeks after fracture
(Fig. 7D).

3.8. Immune complex deposition in the limbs of fracture mice

To determine if immune complexes indicative of autoimmunity could be found in skin and
sciatic nerve tissue in the CRPS model, we analyzed IgM protein levels in these tissues from
intact wild-type, fracture, and B-cell-deficient (uUMT) fracture mice using Western blot
analysis. As shown in Fig. 8, the basal levels of IgM were low in intact skin from control
mice, whereas at 3 weeks post fracture, we observed remarkably increased IgM levels in the
hind paw skin (Fig. 8A, P < 0.001) and sciatic nerve (Fig. 8B, P < 0.001) tissue ipsilateral to
fracture. The levels of IgM were unaltered in tissues contralateral to fracture. In the pMT
fracture mice, IgM content was not detected in tissues after fracture, confirming that B cells
were the source of the IgM. Additional experiments failed to reveal evidence of 1gG
accumulation after fracture in wild-type mice (data not shown). Taken together with
observations from behavioral studies, these data indicate that CD20-positive B cells produce
IgM antibodies after fracture, which, in turn, ultimately support the CRPS-like changes in
the murine fracture/cast model.

3.9. B-cell depletion does not alter inflammatory mediator levels

Previous studies in tibia fracture rodent models and CRPS patients showed upregulation of
IL-1, IL-6, tumor necrosis factor-a, and NGF- in the skin of involved limbs [35-38, 53,
54]. Given the observations of IgM deposition in skin tissue, we determined whether B cells
contribute to the postfracture production of these inflammatory mediators. Groups of control
and fracture mice were treated with either control 1gG or anti-CD20 at 1 week post fracture.
Hind paw skin ELISA assays on skin 3 weeks after fracture demonstrated significant
elevations in IL-1p and NGF (both P < 0.05) in IgG-treated mice. As shown in Fig. 9, anti-
CD20 did not block the enhanced production of these cytokines. Likewise, the
administration of anti-CD20 had no effect on skin cytokine levels.

3.10. Complement membrane attack complex deposition in tissues from the limbs of
fracture mice

Since our experiments examining the relationship between cytokines, NGF, and B-cell
activity did not show a functional link to established CRPS-related mediators in skin, we
probed an alternative mechanism. It has been shown that IgM is an effective activator of the
complement system [56], and complement fragments such as C3a, C5a, and the membrane
attack complex (C5b-9, MAC) support nociceptive sensitization in various systems [23, 58].
We hypothesized that complement system activation, using MAC formation as an index,
might show enhanced activity in the CRPS model, and that B cells may support any
observed activation. Using ELISA analysis, we demonstrated increased C5b-9 protein
deposition in hind paw skin (Fig. 10A, P < 0.05) and sciatic nerve (Fig. 10C, P < 0.01) of
the fracture mice. Anti-CD20 itself had no effect on C5b-9 levels in these tissues. However,
anti-CD20 prevented the upregulation of C5b-9 in skin and sciatic nerve after fracture.
Using immunohistochemistry and confocal microscopy, we detected increased C5b-9
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protein deposition throughout the epidermis of the hind paw and sciatic nerve ipsilateral to
fracture (Fig. 10B, D).

4. Discussion

Despite decades of study, CRPS remains a highly enigmatic syndrome. Its signs and
symptoms are difficult to relate to any single molecule, tissue, or organ. Available
treatments are poorly effective. Improving our understanding of the events supporting CRPS
may help us to understand the perplexing nature of the condition’s manifestations and
suggest new avenues to treatment. In the present studies we provide evidence supporting the
following conclusions: 1) B cells play a role in controlling the nociceptive and vascular
CRPS-like changes occurring in the fracture and cast immobilization CRPS mouse model,
but do not support these changes after simple soft tissue injury; 2) abundant B cells can be
found near the site of the healing fracture and scattered in sciatic nerves, but there is little
evidence of ongoing B-cell infiltration in other tissues; 3) the upregulation of inflammatory
mediators in skin previously functionally implicated in CRPS is not reliant upon B-cell
activity, suggesting additional mechanisms are at work; 4) IgM autoantibodies present in
CRPS model mice may be directed against as-yet unidentified targets in the skin and sciatic
nerves in the ipsilateral but not contralateral limbs; and 5) B cells support complement
activation, to a degree, in the CRPS model. These findings are consistent with the hypothesis
that B-cell-mediated autoantibody production supports the CRPS-like changes in a fracture-
cast model of CRPS.

Many other medical conditions characterized by pain involve autoimmunity, and in that
regard, the autoimmune hypothesis of CRPS is not without precedent. Rheumatoid arthritis
is an example of a multisystem disease involving autoimmunity, in which pain is felt to be
secondary to inflammation in joint tissues, though this relationship is complex [34]. Several
autoimmune neuropathies and channelopathies provide examples of pain resulting more
directly from autoimmune processes. For example, Guillain-Barré syndrome (GBS) is a
polyneuropathy generally involving weakness, but sometimes, painful sensory symptoms
and autonomic changes as well [24]. Autoantibodies have been identified in variable
percentages of patients with GBS against neurofascin, gliomedin, contactin, GM1
ganglioside, and several additional proteins [10, 68]. Complement activation and subsequent
cellular damage may then occur [25]. Interestingly, GBS is more frequent after certain viral
and bacterial infections, for example, cytomegalovirus and Campylobacter jejuni,
presumably due to the cross-reactivity of disease-fighting antibodies with neuronal cell
proteins [5, 43]. Limited clinical evidence suggests a similar postinfectious (or
postimmunization) preponderance of CRPS cases [12, 49, 57, 63]. In the case of
paraneoplastic neuropathies, autoimmunity involving anti-Hu and anti-CV2/CRIMP5
antibodies have been linked to sensory changes involving pain [31]. Recently, a rare
syndrome of idiopathic pain caused by a mix of anti-voltage-gated potassium channel
complex antibodies was described [28]. Nearly 50% of patients with such antibodies had
pain, and nearly 1/3 had pain as the only presenting symptom. However, neither this
syndrome nor the other autoimmune neuropathies mentioned show the frequent relationship
to trauma, the distinct regional manifestations, or the transition from an acute to a chronic
phase characteristic of CRPS. Furthermore, not all peripheral nervous system autoimmunity
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leads to dysfunction; naturally occurring antimyelin autoantibodies foster functional
recovery after sciatic nerve trauma [66].

Our first step in detecting a possible autoimmune contribution to the CRPS-like features of
the mouse fracture/cast model involved the depletion of CD20-expressing B cells. The
human anti-CD20 medication rituximab potently reduces B-cell populations and, though not
a first-line treatment, has been used successfully to treat autoimmune diseases such as
rheumatoid arthritis and multiple sclerosis [21, 33]. We complemented experiments using
anti-CD20 with the use of UMT mice, a strain of animals with a targeted mutation
(1ghm™LCdN |eading to mature B-cell deficiency and loss of IgM production. Both the use
of anti-CD20 and the use of pyMT mice show reductions in disease activity in other murine
models of autoimmune disease such as rheumatoid arthritis [42, 60]. The 2 strategies
showed significant and qualitatively similar efficacies in partially preventing nociceptive
sensitization as well as the elevated temperature and edema in the affected paws of the
CRPS model animals. Our results showing the slow reversal of nociceptive changes after
anti-CD20 administration to mice with established CRPS-like changes are consistent with a
slow depletion of circulating autoantibodies, as is seen in K/BxN spontaneously arthritic
mice after anti-CD20 treatment [22]. Flow cytometry did not, however, demonstrate
significant changes in a range of circulating T- and B-cell subsets in the CRPS model, which
is similar to the picture in CRPS patients. Similarly, T-helper cells, T-effector cells, B cells,
and natural killer cells were observed to be unchanged in CRPS patients in several studies
[26, 48, 50]. However, an increase in a subset of monocytes (CD14+CD16+) and a decrease
in the abundance of IL-2-producing T-helper cells were reported in CRPS patients [26, 50].
Our studies did not examine levels of other cell populations such as stem cells that might
regulate the phenotypes under study.

We also analyzed skin and sciatic nerve samples both ipsi- and contralateral to the side of
fracture for evidence of antibody deposition consistent with other autoimmune conditions.
Our studies focused on IgM levels because several neuropathies are associated with IgM
antibodies (eg, anti-myelin-associated glycoprotein, antisulfatide, anti-gangliosides) [39]. It
should be noted that depletion of B cells with anti-CD20 does not selectively deplete IgM.
We detected greatly increased quantities of IgM in both the skin and sciatic nerve tissues
ipsilateral to the tibial fracture, but no increase on the contralateral side. Given that 1)
maximal effects of CD20 depletion occur about 1 week after anti-CD20 injection in the
CRPS model, 2) the half-life of IgM has been estimated to be between 2 and 8 days [2, 8,
67], and 3) the time to effect of exogenously administered autoantibodies in models of other
painful conditions involving peripheral inflammation like arthritis is several days [41, 44], it
is reasonable to postulate that the CD20-positive B cells do not directly modulate
nociceptive sensitization, but ultimately support the CRPS-like changes in the murine
fracture/cast model through the production of IgM antibodies. Presuming the involved
antibodies to be distributed throughout the circulation, these observations may indicate that
the levels of existing antigens in the affected limbs are strongly upregulated or that
neoantigens are expressed in skin, sciatic nerve, and possibly other tissues after fracture and
immobilization. We do not at this time know the identities of these antigens, however. It is
notable that purified IgG from chronic CRPS patients enhances hyperalgesia and edema in
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the injured limbs of mice when passively administered [61], although we did not identify an
autoimmune contribution to sensitization after incision in our experiments. Moreover, our
initial studies have focused on IgM because of the strong literature implicating this isotype
in autoimmune disease. Moving forward, it will be necessary to compare the roles of both
IgM and IgG in patients and rodent models of CRPS.

Because IgM is particularly effective at complement activation [69], and this activation in
turn leads to the formation of complement fragments and C5b-9 membrane attack
complexes on the surface of cellular membranes, causing subsequent cellular damage [13],
we looked at changes in C5b-9 content in the hind paw skin and sciatic nerve after fracture
and the role of B cells in mediating these changes. We observed a significant increase of
C5b-9 protein deposition in the fracture side skin and sciatic nerve, and there was a
moderate reduction of C5b-9 in skin (~25%) and slight reduction in sciatic nerve (~15%)
caused by anti-CD20 treatment. Perhaps the moderate reduction in complement activation in
skin is responsible for the partial reversal of nociceptive sensitization seen in B-cell-depleted
mice. On the other hand, it is possible that complement activation is occurring after fracture
in part via pathways other than the “classical” pathway, including the “alternative” and
“lectin” pathways, thus not requiring the binding of autoantibodies to initiate the cascade. A
related possibility is that autoantigen expression and autoantibody binding follow, rather
than precede, complement system activation, as may be the case in synovial cells from
patients with rheumatoid arthritis [51]. In contrast to the results for complement, we did not
observe that skin cytokine levels either in control nonfracture or in CRPS model animals
were altered by CD20 depletion. Additional pilot studies failed to show changes in anti-
inflammatory cytokines such as I1L-4 and IL-10.

A growing number of clinical reports suggest autoimmune contributions to CRPS.
Autoantibodies can be found in the sera of some patients with CRPS; IVIG has shown
promise as a treatment for this condition, and additional immunological changes in the blood
and affected tissues suggest activation of the adaptive immune system [14, 15-17, 30]. The
predilection of CRPS for females is also consistent with an autoimmune etiology. Beyond
CRPS, a number of additional enigmatic pain syndromes may be supported by autoimmune
mechanisms such as fibromyalgia and certain types of headaches [3, 6, 32]. By pursuing
autoimmunity as a contributor to CRPS, we may uncover important new components of the
disease process, delineate novel mechanisms for activation of the adaptive system of
immunity, and discover new approaches to treatment of this disabling condition.
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Fig. 1.

Flow cytometric analysis of peripheral blood lymphocyte populations in mice from controls
(No FX) and 3 weeks post fracture (FX). Cells were stained with a combination of
conjugated monoclonal antibodies, and analyzed by flow cytometry to identify various
lymphocyte populations. (A) CD3+/total T cells as percentage of total lymphocytes; (B)
CD3+CDA4+/T helper cells; (C) CD3+CD8+/T effector cells; (D) CD19+/B cells as
percentage of total lymphocytes; (E) CD19+CD20-CD27+/plasmablasts; (F) CD20+/ B cells
as percentage of total lymphocytes. Compared with no-fracture control animals (n = 6),
fracture did not induce changes in blood lymphocyte subsets (unpaired t-test, n = 7); error
bars indicate SEM.
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Fig. 2.

B-cell depletion in blood and spleen after CD20 antibody treatment in the complex regional
pain syndrome mice. One group of fracture mice was treated with control antibody, another
fracture group was treated with anti-CD20 antibody to deplete B cells at 1 week (after
fracture) and flow cytometry performed 3 weeks after fracture. Shown in (A) and (C) are
representative flow cytometry panels from blood and spleen, respectively, depicting the
CD3+ T-cell population and the B220+ B-cell population of both groups. Treatment with
CD20 antibody results in a strong reduction in B-cell numbers, as seen in the second panel.
Quantification in (B) shows a significant decrease in the number of B220+ cells in the blood
of FX-anti-CD20 mice (n = 10) compared to FX-1gG (n = 6) animals. Similarly, in (D),
numbers of B220+ cells are strongly decreased in the spleen of FX-anti-CD20 mice (n = 10)
compared to FX-1gG (n = 6) animals. Un-paired t-test, *"P < 0.001 for FX+antiCD20 vs
FX+IgG. FX, fracture; 1gG, immunoglobulin.
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Fig. 3.

B-cell depletion with anti-CD20 partially blocked the nociceptive and vascular changes 3
weeks after fracture and cast immobilization. Mice underwent a right distal tibia fracture
(FX) and were casted for 3 weeks. After 1 week of cast immobilization, fracture mice and
intact controls (No FX) were treated with anti-mouse CD20 antibody or control
immunoglobulin G (1gG; 200 ug/100 uL) via intravenous tail vein injection. Hind paw
nociceptive testing and assessment of warmth and edema were performed at 3 weeks after
fracture upon cast removal and on wild-type nonfractured mice. There were no nociceptive
or vascular changes observed in the No FX control animals treated with control IgG or anti-
CD20. After tibia fracture and 3 weeks cast immobilization, the control antibody-treated
mice (n = 14) developed hind paw mechanical allodynia (A), unweighting (B), warmth (C),
and edema (D). However, intravenous injection of anti-CD20 significantly reduced
postfracture hind paw (n = 18) von Frey mechanical allodynia (A), unweighting (B), warmth
(C), and edema (D). Measurements for (A), (C), and (D) represent the difference between
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the fracture side and contralateral paws, thus, a positive value represents an increase in
temperature or thickness on the fracture side; a negative value represents a decrease in
mechanical nociceptive thresholds on the affected side. Measurements for (B) represent
weight-bearing on the fracture hind limb as a ratio to 50% of bilateral hind limb loading,
thus, a percentage lower than 100% represents hind paw unweighting. Data were analyzed
using a 2-way analysis of variance with Bonferroni correction for post hoc contrasts. *P <
0.001 for FX+IgG (n = 13-14) vs No FX+1gG (n = 10), ¥¥P < 0.01 and $¥%P < 0.001 for FX
+antiCD20 (n = 17-18) vs No FX+antiCD20 (n = 8-10), *P < 0.01 and **P < 0.001 for
FX+antiCD20 (n = 17-18) vs FX+IgG (n = 13-14). Data are expressed as mean values
SEM.
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Fig. 4.

Nociceptive and vascular changes in B-cell-deficient uMT mice at 3 weeks after fracture.
Wild-type (WT), and B-cell-deficient uMT mice underwent distal tibia fracture (FX) with
hind limb casting for 3 weeks, then the cast was removed and behavioral testing performed,;
intact wild-type and pMT mice without fracture and cast immobilization served as controls.
The methods for calculating the graphed values are described in Fig. 3. A 2-way analysis of
variance was used to test the effects of fracture and B-cell-deficient transgenic mice on the
dependent variables, with a Bonferroni correction for post hoc contrasts. There were no
nociceptive or vascular changes observed in UMT-No FX mice compared to the WT-No FX
controls. WT fracture (WT-FX) mice developed mechanical allodynia (A), unweighting (B),
warmth (C), and edema (D), and B-cell-deficient uMT fracture (UMT-FX) mice exhibited a
reduction in von Frey mechanical allodynia (A), unweighting (B), and warmth (C), but no
changes on edema (D). *P < 0.05 and **"P < 0.001 for WT-FX (n = 9-12) vs WT-No FX (n
=9), $%p < 0.001 for UMT-FX (n = 9-12) vs uMT-No FX (n = 6), #P < 0.01 and #*#p <
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0.001 for uMT-FX (n =9-12) vs WT-FX (n = 9-11). Data are expressed as mean values +
SEM.
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Fig. 5.

Pr%longed effects of a single injection of anti-CD20 B-cell depletion therapy on nociceptive
and vascular changes in the mouse model of complex regional pain syndrome. Mice
underwent tibia fracture (FX) and were casted for 3 weeks; then the cast was removed. The
next day they were treated with either an anti-mouse CD20 antibody, or a control
immunoglobulin (IgG) at a dose of 200 ug/100 pL (intravenously), intact controls (No FX)
treated with control 1gG or anti-CD20 served as controls. Hind paw nociceptive testing and
assessment of warmth and edema were performed prior to fracture, 3 weeks after fracture
upon cast removal, and 24 hours and 7, 14, 21, and 28 days after intravenous anti-CD20
injection. The methods for calculating the graphed values are described in Fig. 3. A 2-way
repeated-measures analysis of variance with post hoc Bonferroni correction demonstrated
there were no effects of control IgG or anti-CD20 over the time course of the experiment in
the non-FX mice, whereas significant ipsilateral hind paw allodynia (A), unweighting (B),
warmth (C), and edema (D) were observed 3 weeks post fracture. Postfracture hind paw
mechanical allodynia (A) and unweighting (B) were attenuated between 7 and 21 days after
drug administration, but warmth (C) and edema (D) were not altered when B cells were
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depleted in fracture mice. “P < 0.05, *P < 0.01, for FX+anti-CD20 (n = 8-10) vs FX+IgG
(n = 8-10) at different time points after drug administration, respectively. Data are expressed
as mean values £ SEM, and arrows indicate the time point where 1gG or anti-CD20 was
injected.
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Ar?ti—CDZO antibody treatment does not alter postincisional nociceptive sensitization. Mice
received anti-CD20 (200 ug/100 pL) or vehicle (100 L) once via tail vein injection 24
hours before performing the surgery/sham procedure. The hind paw incision model of
postoperative pain was employed. Sham-treated mice were exposed to the same duration and
concentration of anesthesia without performing incision. Mechanical sensitivity testing was
performed daily (n = 6 per cohort). A 2-way repeated-measures analysis of variance with
post hoc Bonferroni correction demonstrated significant ipsilateral hind paw allodynia after
incision in both the immunoglobulin G (IgG) and the anti-CD20 antibody-injected mice.
Data are expressed as mean values + SEM.

Pain. Author manuscript; available in PMC 2015 November 01.



Lietal.

A Spleen B Bone callus

1duosnuely Joyny vd-HIN

C Sciatic nerve D Skin

\ - NN TR -
7 \.o i
-~ v
-

Z
i
o
>
>
=
=
e
<
)
5
c
@
Q
=

Fig. 7.

Regpresentative fluorescent photomicrographs of immunostaining for the B-cell marker
CD20 (red) at 3 weeks postfracture. DAPI (blue) counterstain was performed to show DNA
content and nuclei. Abundant CD20 (cytoplasmic/red) positive B cells were observed in
spleen (A) and bone callus near the site of fracture (B), and scattered B cells in sciatic
nerves (C), but not seen in skin (D). Dotted line indicates the epidermal-dermal boundary,
arrows: B cells, small boxed regions in panels (B) and (C) are shown enlarged in the lower
right corner of the panels, respectively; scale bar = 50 pm.
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Fig. 8.
Western blot analysis of immunoglobulin M (IgM) protein levels in hind paw skin, and

sciatic nerve at 3 weeks after fracture (FX). Compared with control wild-type mice (No FX),
IgM protein levels were greatly increased in skin (A), and sciatic nerve (B) in wild-type
mice ipsilateral to the fracture, but unchanged on the contralateral side. IgM bands were
absent from skin (A), and sciatic nerve (B) tissue extracts from B-cell-deficient y(MT mice
after fracture. Data were analyzed using a 2-way analysis of variance with Bonferroni
correction for post hoc contrasts. P < 0.001, for WT-FX-Ipsi (n = 4) vs No FX (n =

4), ##p < 0,001 for FX/UMT-ipsi (n = 4) vs WT-FX-Ipsi (n = 4). WT, wild type; Ipsi,
ipsilateral to fracture; Contra, contralateral to fracture. Data are expressed as mean values +
SEM.
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Fig. 9.

Er?zyme-linked immunosorbent assay analysis for skin inflammatory cytokines and nerve
growth factor (NGF) levels in fracture (FX) and control mice treated with either anti-CD20
or control immunoglobulin G (IgG; n = 8 per cohort). Anti-CD20 alone did not change
cytokine levels in the controls. At 3 weeks post fracture, hind paw skin interleukin (IL)-1p
(A), IL-6 (B), tumor necrosis factor (TNF)-a (C), and NGF (D) protein levels all were
increased in fracture mice treated with control 1gG, and anti-CD20 treatment had no effect
on fracture induced upregulation of the cutaneous inflammatory mediators. Data were
analyzed using a 2-way analysis of variance with Bonferroni correction for post hoc
contrasts. “P < 0.05 for FX+IgG (n = 8) vs No FX+IgG (n = 8), 3P < 0.05, $%P < 0.01, for
FX+anti-CD20 (n = 8) vs No FX+anti-CD20 (n = 8). Data are expressed as mean values *
SEM.
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Fig. 10.
Changes in hind paw skin and sciatic nerve C5b-9 membrane attack complex protein levels

in control (No FX) and fracture (FX) mice treated with either anti-CD20 or control
immunoglobulin G (IgG). Panels (A) and (C): Anti-CD20 alone had no effects on C5b
protein deposition in hind paw skin and sciatic nerve (n = 8 per cohort). At 3 weeks post
fracture, skin and sciatic nerve C5b-9 protein levels were increased in mice treated with
control 1gG. Treatment with anti-CD20 prevented the induction of C5b in skin, but did not
significantly change the induction of C5b-9 in sciatic nerve. Data were analyzed using a 2-
way analysis of variance with Bonferroni correction test for post hoc contrasts; error bars
indicate SEM. "P < 0.05, and **P < 0.01 for FX+1gG (n = 7) vs No FX+lgG (n = 7). Panels
(B) and (D): Representative fluorescent photomicrographs of immunostaining for the C5b-9
(red) in hind paw skin and sciatic nerve at 3 weeks postfracture. No staining is shown with
the secondary antibody alone (omitting the C5b-9 antibody, data not shown). There is an
increase in C5b-9 protein deposition throughout the hind paw epidermis (B) and sciatic
nerve (D) ipsilateral to fracture. Scale bar = 20 um in both panels (B) and (D).
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