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Neurobiology of Disease

Pathological Sprouting of Adult Nociceptors in Chronic
Prostate Cancer-Induced Bone Pain
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Pain frequently accompanies cancer. What remains unclear is why this pain frequently becomes more severe and difficult to control with disease
progression. Here we test the hypothesis that with disease progression, sensory nerve fibers that innervate the tumor-bearing tissue undergo a
pathological sprouting and reorganization, which in other nonmalignant pathologies has been shown to generate and maintain chronic pain.
Injection of canine prostate cancer cells into mouse bone induces a remarkable sprouting of calcitonin gene-related peptide (CGRP™) and
neurofilament 200 kDa (NF200") sensory nerve fibers. Nearly all sensory nerve fibers that undergo sprouting also coexpress tropomyosin
receptor kinase A (TrkA™). This ectopic sprouting occurs in sensory nerve fibers that are in close proximity to colonies of prostate cancer cells,
tumor-associated stromal cells and newly formed woven bone, which together form sclerotic lesions that closely mirror the osteoblastic bone
lesions induced by metastatic prostate tumors in humans. Preventive treatment with an antibody that sequesters nerve growth factor (NGF),
administered when the pain and bone remodeling were first observed, blocks this ectopic sprouting and attenuates cancer pain. Interestingly,
reverse transcription PCR analysis indicated that the prostate cancer cells themselves do not express detectable levels of mRNA coding for NGF.
This suggests that the tumor-associated stromal cells express and release NGF, which drives the pathological reorganization of nearby TrkA "
sensory nerve fibers. Therapies that prevent this reorganization of sensory nerve fibers may provide insight into the evolving mechanisms that

drive cancer pain and lead to more effective control of this chronic pain state.

Introduction
World health experts estimated that in 2008 there were >12 mil-
lion new cases of cancer diagnosed and 7.6 million deaths from
cancer (Boyle and Levin, 2008). Despite the increasing prevalence
of cancer, improvements in the detection and treatment of the
disease have dramatically increased survival rates so that even
patients with metastatic bone cancer are living years beyond their
initial diagnosis (Jemal et al., 2009). For example, in the United
States, men with prostate cancer that has already metastasized to
bone currently have a median survival time of 53 months (Rigaud
et al., 2002). Unfortunately, cancer-associated pain can be
present at any time during the course of the disease, but the
frequency and intensity of cancer pain tends to increase with
advancing stages of cancer (Mercadante and Arcuri, 1998). Thus,
it has been reported that 75-90% of patients with metastatic or
advanced stage cancer will experience significant cancer-induced
pain (Berruti et al., 2000; Meuser et al., 2001).

Once prostate cancer cells have metastasized to the skeleton,
tumor-induced bone pain frequently follows (Berruti et al., 2000;
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Dy et al., 2008). Prostate cancer-induced bone pain is usually
described as dull in character, constant in presentation, and grad-
ually intensifying with time (Dy et al., 2008; Rajarubendra et al.,
2010). However, as the prostate tumor grows, a second type of
pain known as breakthrough pain begins to occur. This pain is
known as such because it “breaks through” the analgesic regimen
the patient is receiving to control the ongoing pain (Portenoy and
Hagen, 1990; Hwang et al., 2003) and is frequently divided into
two types: a “spontaneous pain” that occurs without any obvious
precipitating event and a “movement-evoked pain” precipitated
by movement of the tumor-bearing bone (Portenoy and Hagen,
1990; Mercadante et al., 2004). These breakthrough pains are
generally more severe and unpredictable than ongoing cancer
pain (Mercadante et al., 2004), and as such can be highly
debilitating to the patient’s functional status and quality of life
(Weinfurt et al., 2005), resulting in a significant increase in
healthcare utilization.

Breakthrough cancer pain appears to be different from ongo-
ing pain in terms of onset, precipitating events, and severity.
However, a largely unanswered question is whether this pain is
simply a more severe ongoing pain or whether it is largely driven
by a different mechanism(s) and/or a newly formed neurological
substrate not originally present when ongoing cancer pain first
occurs. Previous studies have suggested that ectopic sprouting
and/or pathological remodeling of sensory nerve fibers can drive
difficult to control human pain states such as painful neuromas
(due to injury or transection of a peripheral nerve) (Lindqvist et
al., 2000; Black et al., 2008) or complex regional pain syndrome



14650 - J. Neurosci., November 3, 2010 - 30(44):14649 —14656

(where the most common precipitating event is bone fracture)
(Janig and Baron, 2003; de Mos et al., 2007). The present study
explores whether prostate cancer cells can induce an active and
pathological sprouting/reorganization of specific populations of
sensory nerve fibers, what factor(s) drive this sprouting/reorga-
nization, and whether therapeutic intervention can attenuate this
sprouting/reorganization and the accompanying pain.

Materials and Methods

Mice. Experiments were performed using 70 adult male athymic nude
mice (8 —10 weeks old; Harlan Laboratories), weighing 20-32 g. The mice
were housed in accordance with the NIH guidelines under specific
pathogen-free conditions in autoclaved cages maintained at 22°C with a
12 h alternating light and dark cycle and were given autoclaved food and
water ad libitum. All procedures were approved by the Institutional An-
imal Care and Use Committee at the University of Arizona (Tucson, AZ)
and VA Medical Center (Minneapolis, MN).

Culture and injection of tumor cells. Canine prostate carcinoma
(ACE-1) cells were stably transfected with green fluorescent protein
(GFP), cultured and injected into the intramedullary space as previously
described (Halvorson et al., 2005). Briefly, following induction of general
anesthesia with ketamine/xylazine (100/5 mg/kg, i.p.), an arthrotomy
was performed exposing the condyles of the distal femur. The bone was
cored with a 30 gauge needle inserted at the level of the intercondylar
notch. The coring needle was then replaced with a 29 gauge hypodermic
needle used to inject either HBSS as the control (Sigma; 20 ul) or HBSS
containing 10> ACE-1 cells (20 pl) into the intramedullary space. To
prevent cell reflux following injection, the injection site was sealed with
dental grade amalgam (Dentsply) using an endodontic messing gun
(Union Broach), followed by copious irrigation with sterile filtered water
(hypotonic solution). Wound closure was achieved using a single 7 mm
auto wound clip (Becton Dickinson). Day 26 after cell injection was
chosen as the date of death, as by this time there was an extensive forma-
tion of cancer cell colonies, formation of woven bone in the tumor-
bearing bone, as well as significant pain behaviors.

Treatment with anti-nerve growth factor antibody. The anti-nerve
growth factor (NGF) sequestering antibody (mAb 911), kindly provided
by Dr. David Shelton (Rinat/Pfizer), is effective in blocking the binding
of NGF to both TrkA (tropomyosin receptor kinase A) and p75 NGF
receptors and inhibiting TrkA autophosphorylation (Hongo etal., 2000).
The anti-NGF antibody possesses a plasma half-life of ~5-6 d in the
mouse and it does not appreciably cross the blood brain barrier (Shelton
etal,, 2005). The dose used (10 mg/kg, i.p.) was based on previous studies
(Halvorson et al., 2005; Sevcik et al., 2005). Therapy was initiated either
when cancer-induced pain behaviors were first evident (day 10) or after
significant disease progression had occurred (day 24). Prostate cancer-
injected mice were divided into 4 groups: prostate cancer + vehicle,
prostate cancer + early/acute anti-NGF (administered at day 10 after cell
injection), prostate cancer + early/sustained anti-NGF treatment (ad-
ministered at days 10, 15, 20 and 25 after cell injection) and prostate
cancer + late/acute anti-NGF treatment (administered at day 24 after cell
injection). To compare the magnitude of the analgesic effect between the
groups, the number of spontaneous flinches was expressed as percentage
reduction of pain, where 100% was the total number of flinches that was
present in the prostate cancer + vehicle group over a 2 min observation
period. The general health of the mice was closely monitored using food
consumption and body weight as general health indicators throughout
the experiments.

Pain behaviors. Mice were behaviorally tested at days 12, 17, 23, 24, and
26 after cell or HBSS (vehicle) injection. Mice were placed in a clear
plastic observation box with a wire mesh floor and allowed to habituate
for a period of 30 min. After acclimation, the number of spontaneous
flinches of the tumor-bearing limb were recorded over a 2 min observa-
tion period (Sabino et al., 2002; Halvorson et al., 2005). Flinches were
defined as holding of the hindpaw aloft while not ambulatory.

Euthanasia and micro-computed tomography (uwCT) analysis. Mice
were killed with CO, delivered via compressed gas cylinder and perfused
intracardially with 20 ml of 0.1 M PBS (pH = 7.4 at 4°C) followed by 20 ml

Jimenez-Andrade et al. e Sprouting of Nerve Fibers and Cancer Pain

of 4% formaldehyde/12.5% picric acid solution in 0.1 M PBS (pH = 6.9 at
4°C). Mouse femurs were removed, postfixed for 4 h in the perfusion
fixative and placed in PBS solution at 4°C. To characterize the cancer-
induced changes in mineralized bone micro-architecture, femurs were
analyzed with an eXplore Locus SP micro-computed tomographer
(uCT) (GE Healthcare). This conebeam pwCT scanner uses a 2300 X 2300
CCD detector with current and voltage set at 80 wA and 80 KVp, respec-
tively. Specimens were scanned in 1080 views through 360° with a 2100
ms integration time. Scans were then reconstructed at 16 um > resolution
using Reconstruction Utility software (GE Healthcare) and visualized
with Microview software (GE Healthcare).

Immunohistochemistry. Femurs were processed for immunohisto-
chemistry as frozen sections through the bone. Once wCT analysis was
performed, mouse femurs were decalcified in 10% EDTA (~2 weeks)
with the extent of decalcification being regularly monitored with high
resolution Faxitron analysis. Once decalcification had occurred, the
bones were cryoprotected in 30% sucrose and serially sectioned along the
longitudinal axis, in the coronal plane, at a thickness of 20 wm as previ-
ously described. Bone sections were mounted on gelatin-coated slides,
dried at room temperature for 30 min, blocked with 3% normal donkey
serum (NDS) and 0.3% Triton X-100 in PBS for 1 h and incubated with
primary antibodies overnight. Primary antibodies were made in a solu-
tion of 1% NDS and 0.1% Triton X-100 in PBS. Peptide-rich sensory
nerve fibers were labeled with rabbit anti-CGRP (1:12,000; Sigma, cata-
log # C8198). Sensory nerve fibers expressing the 200 kDa neurofilament
(NF200) were labeled with an antibody against NF200 (anti-chicken,
1:5000; Neuromics, catalog # CH22104). Sprouted nerve fibers were la-
beled with an antibody against growth associated protein-43 (GAP-43)
(rabbit anti-GAP43, 1:1000; Millipore, catalog # AB5220). Nerve fibers ex-
pressing TrkA were labeled with goat anti-TrkA (1:50, R&D Systems, catalog
# AF1056). Macrophages and osteoclasts were labeled with a monocyte
marker (rat anti-mouse CD68, 1:500, Serotec, catalog # MCA1957). Sensory
and sympathetic nerve fibers were labeled with a pan-neuronal marker (PGP
9.5; 1:4000, Ultraclone; catalog # RA95101). Blood vessels were labeled with
a marker of endothelial cells present in blood vessels (Odaka et al., 2006;
Kiveli et al., 2007) (monoclonal rat anti-mouse CD31, 1:500, BD PharMin-
gen, catalog # 550274). Since endogenous GFP signal from cancer cells was
visualized in the green channel, preparations were then incubated with Cy3-
or Cy5-conjugated secondary antibodies (1:600 and 1:400, respectively,
Jackson ImmunoResearch) for 1 h. Preparations were then washed with PBS
three times and counterstained with DAPI (4', 6-diamidino-2-phenyl-
indole, dihydrochloride, 1:30,000; Invitrogen) for 5 min and washed with
PBS. Finally, tissue was dehydrated through an alcohol gradient (70, 80, 90,
and 100%), cleared in xylene, and coverslipped with di-n-butylphthalate-
polystyrene-xylene (Sigma). Preparations were allowed to dry at room tem-
perature for 12 h before imaging.

Laser confocal microscopy. Images used for illustration purposes were
acquired with an Olympus Fluoview FV1000 and Carl Zeiss LSM 700
systems that are equipped with multiple lasers and excitation and emis-
sion fluorescence filters. The endogenous GFP signal emitted from the
prostate cancer cells did not require amplification for analysis. Sequential
acquisition mode was used to reduce bleed-through from fluorophores.
Images were then processed with Adobe Photoshop CS and assembled
into figures with Adobe Illustrator CS4.

Quantification of the density of sensory nerve fibers. For quantification
purposes, longitudinal section images of the whole bone (2 bone sections
per animal) were taken with a Carl Zeiss LSM 700 confocal system that is
equipped with a computer-controlled motorized stage. For quantifying a
particular marker, each longitudinal section used for quantification was
distant from the other longitudinal section by at least 0.1 mm. Density of
nerve fiber per volume was obtained by determining the total length of
nerve fibers using the curve spline tool (Axio Vision, v.4.8; Carl Zeiss)
within the total area where GFP cancer cells were present. This result was
then multiplied by the thickness of the longitudinal section (Yen et al.,
2006).

Evaluation of disease progression. Effect of anti-NGF therapy on disease
progression was evaluated by performing uCT and radiographic analysis.
Additionally, the number of cancer cell colonies in bone from tumor-
bearing mice treated with vehicle or early/sustained anti-NGF was deter-
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mined. A cancer cell colony was defined as a cluster of GFP * prostate cancer
cells that had a diameter from 0.3 to 2.3 mm mostly surrounded by woven
bone.

Quantification of the percentage of stromal cells within a cancer cell
colony. In longitudinal sections of mouse bones, randomly selected pros-
tate cancer colonies were used to determine the total number of stromal
cells by calculating the percentage of GFP * prostate cancer cells per total
number of DAPI ™ nuclei within the colony.

Reverse transcription PCR analysis of mRNA levels of nerve growth factor in
the prostatic ACE-1 cell line. Total RNA from dog brain tissue samples or
cultured ACE-1 prostate cells were prepared using the RNeasy micro kit
(Qiagen), and the RNA was quantified using Ribogreen reagent (Invitro-
gen). Two-step reverse transcription (RT)-PCR was done using the TagMan
Gold RT-PCR kit (Applied Biosystems). The RNA was reverse-transcribed
using random hexamers, and the cDNA was amplified using a primer/probe
set specifically for canine NGF (AACAGGACTCACAGGAGCAA,
CGGCACTTGGTCTCAAAGAA, and AATGTTCACCTCTCCCAGCAC-
CATCA). The samples were analyzed in duplicate from the reverse-
transcription step and normalized to total RNA input.

Statistical analysis. Data are presented as mean * SEM. The SPSS
statistics package (v. 12) was used to perform statistical tests. Immuno-
histochemical and pain behavioral data were analyzed across treatment
groups using a Kruskal-Wallis nonparametric ANOVA. Significant main
effects of groups were followed by Mann—Whitney nonparametric ¢ tests
with Bonferroni adjustment for multiple comparisons. Significance level
was set at p < 0.05. The individual investigator responsible for behavior,
immunohistochemical analysis, and scoring bone remodeling was blind
to the experimental conditions of each animal.

Results
The mouse model of prostate cancer-induced bone pain
In the present study, we use a prostate cancer pain model that
involves injecting and confining GFP " canine prostate tumor
cells into the marrow space of the mouse femur and allowing the
tumor cells to grow and remodel bone over a 26 d period. Radio-
graphic analyses showed that, in mice, these canine prostate can-
cer cellsinduced bone-forming cancerous foci, which appear as
nodular, rounded, and fairly well circumscribed sclerotic areas
due the to production of woven bone (data not shown).
Micro-CT analysis indicated that bones from sham mice (needle
placement + injection of culture medium) did not display signif-
icant bone remodeling (Fig. 1 A) compared with naive mice (data
not shown). In contrast, wCT analysis along with immunohisto-
chemical analysis revealed that mouse femurs injected with
GFP " canine osteoblastic prostate cancer cells contained small
prostate tumor cell colonies throughout the bone marrow that
were surrounded by matrices of new woven bone (Fig. 1B,C).
The tumor-induced bone formation of cancer cell colonies was
dependent on disease progression. While animals at early time
points of the disease show one cancer cell colony/per femur (Fig.
1 B), tumor-bearing femurs at advanced stages of the disease had
6.8 £ 1.8 cancer cell colonies per femur (Fig. 1C).
Immunohistochemical analysis was performed to further de-
fine the cell types and their viability in the colonies of prostate
cancer cells in the mouse bone. Confocal analysis showed a high
association of prostate cancer cells with macrophages (Fig. 2B),
which were unique in morphology and location, and appeared to
be significantly larger than macrophages in normal marrow (Fig.
2A). Furthermore multinucleated osteoclasts decorated the in-
terface of the tumor/woven bone (Fig. 2 B). Within the colonies
of canine prostate cancer cells there appeared to be an increased
vascularization compared with the normal marrow space. Thus,
prostate tumor-bearing femurs (day 26 after cell injection) were
evaluated and it was shown that the colonies of osteoblastic tu-
mor cells were not only highly vascularized (Fig. 2D) but the
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Figure 1.  Prostate cancer cells induce osteoblastic lesions in the mouse femur which closely
mirror the osteoblastic lesions observed in patients with prostate cancer metastases to the
bone. A-C, A low-power p.CT cross section (100 wm thick) of a sham (A) and prostate cancer
cell-injected femur from mice killed at early-stage (B) and late-stage disease (C). These wCT
images were overlaid on confocal images (20 um thick) of cell nuclei (DAPI, blue) and prostate
cancer cells stably transfected with GFP of the same bone. As the GFP ™ tumor cells (green) grow
in normal bone marrow (the normal tightly packed hematopoietic cells, blue) they induce the
formation of woven bone around the colony, eventually forming an osteoblastic lesion. Note
that these osteoblastic lesions are not present in the sham femur and increase in number with
disease progression.

tumor-associated blood vessels were different from those that
vascularize normal marrow (Fig. 2C) in terms of their increased
diameter, and jagged, nonlinear morphology.

Sprouting and organization of sensory nerve fibers in the
marrow of the normal and prostate tumor-bearing bone

To examine the effects of prostate tumor growth on sensory in-
nervation of the marrow, bone sections from naive, sham and
mice injected with GFP " prostate cancer cells were labeled with
an antibody raised against CGRP. In comparing the organization
and density of CGRP™ nerve fibers in the bone marrow of naive
versus sham mice (Fig. 3A), there appeared to be no difference
in the organization or density of CGRP™ nerve fibers (data not
shown). Confocal images showed that these nerve fibers mainly
run along the long axis of the bone as single nerve fibers with a
largely linear morphology (Fig. 3A). In contrast, in tumor-
bearing mice at 26 d after tumor cell injection, CGRP™ nerve
fibers in the tumor cell colonies showed significant sprouting, an
increase in nerve fiber density and a highly disorganized appear-
ance (Fig. 3B,C).

In addition to CGRP* nerve fibers, we observed similar aber-
rant sprouting and reorganization in the sensory nerve fibers that
express NF200. These sprouting CGRP™ and NF200™ nerve fi-
bers appeared to be intermingled among GFP * tumor cells and
the stromal cells that comprise the tumor cell colonies (Fig.
4 A-D; supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). It should be stressed that in previous
studies in our laboratory and in the present study, we have never
observed CGRP™ or NF200™ nerve fibers in the marrow space
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Figure2. Colonies of prostate cancer cells in bone are characterized by viable cancer cells, a
rich, although irregular, vascular supply and newly formed woven bone which demarcates the
outer perimeter of the colony. A-D, Confocal images of bone sections (20 um thick) from sham
mice (A, C) or mice 26 d after injection of GFP * prostate cancer cells (B, D). The bone marrow in
sham-injected animals looks the same as in naive animals and is filled with densely packed
DAPI ™ cell bodies of mostly hemopoetic cells (blue) and (D68 * macrophages (yellow) (4). In
contrast, when GFP ™ prostate tumor cells grow within the bone (B, D) the colonies of GFP ™
prostate cancer cells form small colonies characterized by GFP * cancer cells (green), enlarged
(D68 * macrophages and osteoclasts (yellow) and adjacent tumor-induced formation of wo-
ven bone (WB, white) (B). To visualize woven bone (B), a differential interphase contrastimage
was taken after acquiring a confocal image of the same section. Note that (D68 ™ macrophages
thatassociate with cancer cells (B) are significantly larger compared with macrophages in sham
animals (A). Additionally, these cancer cell colonies are highly vascularized by (D31 * blood vessels
(red) and the morphology and size of blood vessels within the tumor colony (D) is highly heteroge-
neous and disorganized compared with blood vessels in the bone marrow of sham mice (C).

with such a high density and disorganized appearance in naive or
sham-treated mice (Mach et al., 2002; Halvorson et al., 2005;
Peters et al., 2005; Martin et al., 2007; Jimenez-Andrade et al.,
2010).
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Figure3.
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Prostate cancer cells induce sprouting of sensory nerve fibers. A-C, High-power wCT cross sections of bone (100 um thick) overlaid with confocalimages (20 wm thick) of a sham femur
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To begin to determine more specifically the phenotype of
sprouting nerve fibers, bone sections from animals injected with
canine prostate cancer cells were double-labeled with CGRP,
NF200, TrkA and/or GAP43. Using double- and triple-label
immunohistochemistry, we examined whether the sprouting
CGRP™ or NF200™" populations of sensory nerve fibers colocalize
with the cognate receptor for NGF (TrkA) or GAP43, which is a
protein involved in the growth of new nerve fibers in both develop-
ing and adult animals (Denny, 2006). In the tumor-bearing bone,
quantitative analysis revealed that >90% of the sprouting CGRP™"
and NF200™ nerve fibers coexpressed TrkA (Fig. 4; supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
Double-labeled nerves for TrkA and GAP43 demonstrated that in
prostate tumor-bearing mice, the great majority of TrkA™ nerve
fibers that had undergone sprouting also expressed high levels of
GAP43 (supplemental Fig. 2A, B).

Effects of anti-NGF therapy on sensory nerve fibers in the
marrow, prostate cancer-induced pain, and cancer
progression
To determine the percentage of nerve fibers in the bone that
express TrkA, we double-labeled bone sections with the pan-
neuronal marker PGP 9.5 and TrkA. As can be seen in supple-
mental Figure 3 (available at www.jneurosci.org as supplemental
material), the great majority of PGP 9.5 * (>80%) nerve fibers in
bone coexpress TrkA. In sham mice treated from day 10-26 with
anti-NGF (Fig. 5A,D), the linear organization and density of
CGRP™ and NF200™" sensory nerve fibers were unchanged and
were similar to the density and organization found in naive mice
(data not shown). In contrast, significant ectopic sprouting of
CGRP™ (Fig. 5B) and NF200™ nerve fibers (Fig. 5E) was observed
in prostate tumor-bearing femurs at 26 d after cell injection. Quan-
titative analysis revealed that early/sustained treatment with anti-
NGEF (given at 10, 15, 20, and 25 d after tumor injection) prevented
the sprouting of CGRP™ (Figs. 5C, 6A) and NF200™ (Figs. 5F, 6 B)
nerve fibers. Interestingly, the attenuation of this sprouting was ob-
served only with the early/sustained anti-NGF administration and
not with the late/acute administration (given at day 24 after cell
injection) (Fig. 6A,B).

Additionally, early/sustained treatment with anti-NGF also
significantly attenuated the sprouting of GAP43 */TrkA™ nerve

<,

N

(A) and tumor-bearing femur from mice killed at early (B) and more advanced stages of the disease (C). In these images the DAPI stained nuclei appear blue, the GFP-expressing prostate cancer cells
appear green and the CGRP ™ sensory nerve fibers appear yellow/red. Note thatin the sham mice, CGRP™ nerve fibers that are present in the marrow space appear as single nerve fibers with a highly
linear morphology. As GFP * prostate tumor cells proliferate and form tumor colonies (B, €), the CGRP™* sensory nerve fibers undergo marked sprouting which produces highly branched sensory
nerve fibers (B) and a high density of sensory nerve fibers (C) that is never observed in the normal marrow (A).
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Figure4. (GRP™ and NF200™ sensory nerve fibers that undergo tumor-induced nerve
sprouting coexpress TrkA. A-D, Representative confocal images of GFP ™ cancer colonies
(green) in mouse bone sections (20 wm thick) that have been colabeled for CGRP (a
marker of peptidergic-rich sensory nerve fibers, orange) () and TrkA (the cognate recep-
tor for NGF, white) (B). Representative confocal images of GFP ™ cancer colonies (green)
from mouse bone sections (20 wm thick) that have been simultaneously colabeled for
neurofilament 200 (NF200), which is a marker of myelinated sensory nerve fibers, orange)
(€) and TrkA (white) (D). Note that the great majority of CGRP™ and NF200™ nerve fibers
that have undergone sprouting and have a disorganized appearance also express TrkA.
Images were acquired using cross-sections and were projected from 40 optical sections at
0.5 wm intervals.

ostaje + Vehicle
¥ -~ i" Y
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NF200 /

Figure 5.

projected from 40 optical sections at 0.5 pm intervals.

NF200 /

Preventive sequestration of NGF reduces prostate cancer-induced sprouting of CGRP™* and NF200™ sensory
nerve fibers. A—F, In sham-operated mice (needle placement + injection of culture medium) there is a very reqular
innervation of the bone marrow by CGRP ™ (4, orange) and NF200 * nerve fibers (D, yellow). As prostate cancer cells (which
are transfected with green fluorescent protein: GFP, green) grow within the bone marrow and form small colonies of cancer
cells, by 26 d after injection there is a dramatic sprouting of CGRP " (B) and NF200 ™" () nerve fibers within or surrounding
these colonies of prostate cancer cells. Preventive sequestration of NGF (mAb911, 10 mg/kg, i.p., given at days 10, 15, 20,
and 25 after cell injection) significantly reduces the pathological tumor-induced sprouting and reorganization of sensory
C(GRP™ (€) and NF200™ (F) nerve fibers. Images were acquired at the metaphyseal region of the bone marrow and were
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fibers (supplemental Fig. 2C,D). Importantly, early/sustained
administration of anti-NGF did not affect the organization or
density of CGRP™ and NF200™ in the contralateral, non-tumor-
bearing bones compared with sham mice (data not shown). In
agreement with previous in vivo studies, anti-NGF therapy had
no effect on disease progression as measured by tumor-induced
bone destruction/remodeling, tumor growth within or outside
the marrow space, and number of cancer cell colonies (Halvorson
et al., 2005; Sevcik et al., 2005).

To assess whether the observed sprouting correlates with in-
creasing cancer pain, and to determine whether anti-NGF ther-
apy attenuates this pain, pain behaviors were analyzed in prostate
tumor-bearing mice treated with vehicle, early/acute anti-NGF,
early/sustained anti-NGF, and late/acute anti-NGF, and compared
with sham animals treated with vehicle. When anti-NGF was acutely
administered at day 10 after tumor injection, pain behaviors were
reduced by ~40% at day 12, whereas when early/sustained admin-
istration of anti-NGF was begun and sustained from day 10 to 26,
pain behaviors were reduced significantly compared with tumor-
bearing mice treated with vehicle from day 12 to day 26 after tumor
injection. At the day of euthanasia (day 26 after tumor injection), the
pain behaviors in these animals were reduced by 60% as compared
to tumor-bearing mice treated with vehicle. In contrast, when anti-
NGF was first administered at day 24 and pain behaviors were as-
sessed at day 26 there was only a relatively small and nonsignificant
reduction in pain-related behaviors (Fig. 6C).

Discussion
Prostate cancer growth, formation of tumor colonies, and
remodeling of bone
Prostate cancer is the most commonly diagnosed cancer in males
and the second leading cause of death from cancer in men (Jemal
et al., 2009). In the United States, it was
estimated that 200,000 new cases and
28,000 deaths from prostate cancer will
occur in 2009 (Jemal et al., 2009). Bone is
by far the most common site for prostate
cancer metastasis and postmortem studies
have shown that 70—100% of patients that
have died from prostate cancer have evi-
dence of metastatic bone disease (Buben-
dorf et al., 2000; Tang and Hicks, 2010).
Prostate tumor growth in bone frequently
results in both ongoing and breakthrough
bone cancer pain, hypercalcemia, anemia,
increased susceptibility to infection, skel-
etal fractures, compression of the spinal
cord, spinal instability and decreased
mobility; all of which compromise the pa-
tient’s survival and quality of life (Berruti
et al.,, 2000; Weinfurt et al., 2005;
Coleman, 2006, 2008; DePuy et al., 2007).
The prostate model of bone cancer
used here appears to closely resemble the
tumor growth and bone remodeling ob-
served in humans. Thus, following injec-
tion and confinement of prostate tumor
cells into the mouse femur, there is a
highly stereotypic tumor-induced growth
and formation of woven bone within the
marrow space, similar to that observed in
humans with prostate cancer metastases
to bone (Rajarubendra et al., 2010; Tang

50um



14654 - ). Neurosci., November 3, 2010 - 30(44):14649 —14656

Jimenez-Andrade et al. e Sprouting of Nerve Fibers and Cancer Pain

A B C \
* * e~ ——
I 1 I 1 = o
300 * 300 " N T X0
g — g — , Q—? —
O 5250 A T 5 ~250 — £ 52
+C e +CmE g 5 T
O £ 200 - o £ 200 = I
¥ = o E O © 40.
[ORS N = =
O € 150 S E 150 B+ -
5 50 = 2%
>, 2100 O » 100 c®©
= 0 > 5 O +
22 5 %8 50 © 3 0 D Da Day
c = 4 b= ay Y,
5 £= gs 0-@ [0 [+ Y
o odl ] fa 0 100
Prostate
[ Sham + vehicle Il Prostate + anti-NGF (Day 10 - 26) anti-NGF

—= Prostate + vehicle

Figure6.

Prostate + anti-NGF (Day 24 - 26)

Behavior performed on the circled day

Preventive administration of NGF sequestering therapy reduces tumor-induced nerve sprouting of CGRP™ and NF200 ™ nerve fibers as well as bone cancer pain-related behaviors. A-C,

At day 26 after prostate cancer cell injection, the density of CGRP™ (4) and NF200™ (B) nerve fibers in the cancer cell colonies is significantly greater in prostate cancer + vehicle-treated mice
compared with sham + vehicle-treated mice. This tumor-induced nerve sprouting is significantly attenuated by early/sustained administration (10 mg/kg, i.p., given at days 10, 15, 20 and 25 after
cellinjection), but not by late/acute (10 mg/kg, i.p., given at day 24 after cancer cell injection) administration of anti-NGF. In accordance with the present results demonstrating that anti-NGF blocks
nerve sprouting, this therapy significantly reduces the tumor-induced flinches if it is administered before sprouting occurs with an early/acute treatment (day 10-12), or early/sustained treatment
(days 10,15, 20, and 25) (C). In contrast, anti-NGF administered at late time points (day 24 —26), when nerve sprouting has already occurred, does not produce a significant effect (C). Each point or
bar represents the mean == SEM. Brackets indicate the groups being compared. *p << 0.05. Imaging acquisition, imaging analysis, and behavioral analysis were performed in a blinded fashion.

and Hicks, 2010). These osteoblastic lesions appear to be driven
by multiple, small colonies of highly vascularized prostate cancer
cells that are separated from each other by extensive matrices of
newly formed woven bone (Tang and Hicks, 2010). This pattern
of extensive bone formation is in sharp contrast to the tumor
growth and bone remodeling that is observed when primarily
osteolytic tumors (such as sarcoma) are injected into the femur
(Schwei et al., 1999; Sevcik et al., 2004). Thus, whereas sarcoma
cells destroy bone and begin to undergo necrosis in <2 weeks
after tumor injection (Sevcik et al., 2004), at 4 weeks after tumor
injection the canine prostate cancer cells continue to grow in
small separate colonies of tumor cells and the individual tumor
cells show no evidence of necrosis. Furthermore these cancer cells
remain highly vascularized by the typical, disorganized capillar-
ies seen in many other tumor types (Fukumura and Jain, 2007).
These data suggest that this prostate model has the potential to
not only provide clinically useful insight into the mechanisms
that generate and maintain prostate cancer-induced bone pain,
but also the factors that drive prostate tumor growth and bone
remodeling.

Prostate tumor-induced sprouting and remodeling of sensory
nerve fibers
While the field of cancer pain research has made progress in
beginning to understand what drives ongoing cancer pain, a ma-
jor unanswered question is whether there is something funda-
mentally different between the mechanisms that drive ongoing
versus breakthrough cancer pain. One possibility is that with time,
the tumor environment induces a pathological sprouting and re-
modeling of sensory nerve fibers and that this newly formed sub-
strate drives severe cancer pain. Clearly there is precedent for this as
previous studies have shown that inappropriate remodeling of sen-
sory nerve fibers can give rise to hyperalgesia, allodynia, and
spontaneous ectopic discharges that are perceived as highly painful
in humans (Lindqvist et al., 2000; Janig and Baron, 2003; Black et al.,
2008; Ceyhan et al., 2009).

To examine this possibility we focused on CGRP" and
NF200* sensory nerve fibers, as others have suggested that nerve

fibers innervating bone have a morphology and conduction ve-
locities of unmyelinated and thinly myelinated nerve fibers (Iva-
nusic et al.,, 2006; Mahns et al., 2006) and that bone is only
primarily innervated by nociceptors (Inman and Saunders,
1944). In the present study we report for the first time that in
advanced cancer, sensory nerve fibers (CGRP™ and NF200™) un-
dergo a pathological reorganization as evidenced by the dense
and highly disorganized appearance of these nerve fibers. It
should be stressed that both the CGRP™ and NF200™ popula-
tions of sprouting nerve fibers were almost exclusively found
within the tumor colonies in the marrow. These prostate tumor
colonies were characterized by the presence of GFP ™ prostate
tumor cells, CD68 * tumor-associated macrophages, CD31* en-
dothelial cells, and a plethora of as yet to be characterized stromal
cells and surrounding woven bone.

To further define the phenotype of the nerve fibers that un-
dergo sprouting, we also examined whether these nerve fibers
expressed TrkA and found that the great majority of sprouting
CGRP™ and NF200 ™" nerve fibers did indeed express TrkA. Inter-
estingly, the signal/noise ratio of TrkA in the newly sprouted
fibers within the tumor colonies appeared to be significantly
higher than in TrkA™ nerve fibers in normal marrow space. The
most parsimonious explanation for this increase in TrkA staining
is that there was a significant upregulation of TrkA in nerve fibers
near the tumor colonies, as a similar upregulation has been re-
ported in sensory nerve fibers near sites of inflammation (di Mola
et al., 2000). These newly sprouted TrkA™ nerve fibers also ex-
pressed high levels of GAP43. As GAP43 has been shown to be
involved in nerve sprouting and regeneration in both the central
and peripheral nervous systems (Denny, 2006 ), these data suggest
that it is primarily CGRP* and NF200™ nerve fibers, coexpress-
ing both TrkA and GAP43, that undergo a remarkable sprouting
and reorganization in response to nearby tumor growth.

NGF drives ectopic sensory nerve fiber sprouting and pain

To begin to address what factor(s) might be involved in driving
the observed sprouting and remodeling of sensory nerve fibers, in
this study we focused on NGF as nearly all the sprouting CGRP™
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and NF200™ nerve fibers expressed TrkA, and TrkA is the cognate
receptor for NGF. Additionally, previous reports have demon-
strated that even in the adult, NGF can induce marked sprouting
of TrkA™ sensory nerve fibers (Pezet and McMahon, 2006). Us-
ing a mouse monoclonal antibody against NGF (anti-NGF), that
is highly specific for NGF and shows virtually no cross-reactivity
to other neurotrophins, we provided evidence that early/sus-
tained administration of anti-NGF results in a marked reduction
of sprouting by CGRP™ and NF200 ™ nerve fibers in the tumor-
bearing bone. Whether NGF drives this sprouting through bind-
ing to the TrkA or p75 receptor is yet unknown. However,
previous studies suggest that TrkA is more involved in driving
sprouting (Gallo et al., 1997), while p75 is more involved in ap-
optosis (Bamji et al., 1998).

In light of the remarkable sprouting induced by prostate can-
cer cells in bone, two important and clinically relevant questions
are, what is the source of NGF that is driving the sprouting of
sensory nerve fibers and is this sprouting only observed in tumor
cells that express NGF? Interestingly, using highly sensitive RT-
PCR analysis, we were not able to find detectable levels of mRNA
coding for NGF in this canine prostate cancer cell line (using
primers to the canine sequence of NGF; supplemental Table 1,
available at www.jneurosci.org as supplemental material). These
data strongly suggest that it is not the tumor cells that are the
major source of NGF but rather it is the tumor-associated
inflammatory, immune, and/or stromal cells. This possibility
is supported by studies that have shown that macrophages, en-
dothelial cells, T-lymphocytes, and fibroblasts can express signif-
icant levels of NGF (Lindsay et al., 2005; Nassenstein et al., 2006;
Pezet and McMahon, 2006). Additionally, in most cancers these
and other tumor-associated stromal cells comprise 10—80% of
the mass of a tumor (Key, 1983; Normann, 1985; Bingle et al.,
2002). In the present study using the ratio of DAPI (which stains
all nuclei)/GFP ™ tumor cells in the prostate tumor colonies,
>90% of the cells in the tumor colonies are stromal rather than
cancer cells. These data suggest that therapies aimed at blocking
NGF/TrkA-induced ectopic nerve sprouting should be useful in
any cancer where either the tumor or tumor stromal cells are
expressing and releasing significant amounts of NGF.

Here it is shown that early administration of anti-NGF, at a
time when the pain and tumor-induced bone remodeling are first
evident, can block the ectopic sprouting and pathological reorga-
nization of sensory nerve fibers that in other nonmalignant dis-
eases has been shown to generate and maintain chronic pain. This
concept, that optimal analgesic efficacy will be achieved when the
therapy is administered early, before the development of a
chronic pain state, is known as preventive analgesia. Although the
concept of preventive analgesia is both intuitive and appealing, its
scientific basis is largely unknown. For example, whereas preven-
tive analgesia has been demonstrated in animal models, with ex-
periments showing that blockade of early pain reduces synaptic
strengthening of pain circuits in the spinal cord and brain (Woolf
and Chong, 1993), human clinical trials have been equivocal
(Ballantyne, 2001; Pogatzki-Zahn and Zahn, 2006). Importantly,
the present study identifies a clear and understandable mecha-
nism by which the blockade of NGF or TrkA could produce a
preventive analgesic effect in a chronic pain state.
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