Neuroscience Research xxx (xxxx) Xxx

Contents lists available at ScienceDirect

w

e
euro Science 3'
[Desearch

Neuroscience Research

ELSEVIER

journal homepage: www.sciencedirect.com/journal/neuroscience-research

Nerve terminals in the tumor microenvironment as targets for local
infiltration analgesia

Pallavi Madhusudanan ®, Chinnu Jerard °, Gayathri Raju®, Neeraj Katiyar b Sahadev
A. Shankarappa ™

& Amrita School of Nanosciences & Molecular Medicine, Amrita Institute of Medical Sciences & Research Center, Amrita Vishwa Vidyapeetham, Kochi, Kerala 682041,
India

b Biomedical Engineering Division, Department of Materials Science and Engineering, Uppsala University, Lagerhyddsvagen 1, 752 37 Uppsala, Sweden

ARTICLE INFO ABSTRACT

Keywords: Nerve terminals within the tumor microenvironment as potential pain-mitigating targets for local infiltration
Cancer pain analgesia is relatively less explored. In this study, we examine the role of key analgesics administered as local
Opioids . infiltration analgesia in a model of cancer-induced bone pain (CIBP). CIBP was induced by administration of
iﬂgg:slg‘ sia allogenic MRMT1 breast cancer cells in the proximal tibia of rats, and tumor mass characterized using radiogram,
Calcium channel micro-CT, and histological analysis. In vitro responsiveness to key analgesics 8-opioid receptor agonist (DOPr),
TRPV1 Ca?* channel and TRPV1 antagonists was assessed using ratiometric Ca%* imaging in sensory neurons inner-
Innervation vating the tumor site. Effectiveness of locally infiltrated analgesics administered independently or in combination

was assessed by quantifying evoked limb withdrawal thresholds at two distinct sites for up to 14 days. CIBP
animals demonstrated DOPr, N-, and L-type and TRPV1 expression in lumbar dorsal root ganglion neurons
(DRG), comparable to controls. Evoked Ca?* transients in DRG neurons from CIBP animals were significantly
reduced in response to treatment with compounds targeting DOPr, N-, L-type Ca?* channels and TRPV1 proteins.
Behaviourally, evoked hyperalgesia at the tumor site was strongly mitigated by peritumoral injection of the DOPr
agonist and T-type calcium antagonist, via its activity on bone afferents. Results from this study suggest that
nerve terminals at tumor site could be utilized as targets for specific analgesics, using local infiltration analgesia.

1. Introduction (Sliepen, 2021). Even though systemic analgesics provide excellent pain

management, their short half-life, physical dependence, tolerance, and

Cancer pain is a debilitating condition that affects a large segment of
patients diagnosed with cancer. The prevalence and burden of the dis-
ease is not completely known, but approximately two thirds of patients
diagnosed with advanced cancer reportedly suffer from pain that needs
active management (van den Beuken-van Everdingen et al., 2007). With
advances in cancer treatment, people with cancer are living longer, and
invariably enduring cancer associated pain for prolonged periods of
time. Hence, strategies for robust pain management in cancer pain pa-
tients has become a necessity. Current therapeutical options such as
radiotherapy, chemotherapy, analgesics, bisphosphonates, immuno-
therapy, and nerve blocks provide pain relief but, 30% of patients still
report inadequate pain management (Vuong et al., 2016). Systemically
administered opioids, non-steroidal anti-inflammatory drugs, and
certain anti-convulsants have been commonly utilized with good results

undesirable off-target effects make them difficult front-line agents for
managing cancer pain (Benyamin et al., 2008). Alternate strategies need
to be explored to supplement existing treatment modalities. One such
strategy is the local application of analgesics around the vicinity of the
tumor mass to modulate peripheral nociceptors within the tumor
microenvironment.

It is well known that onset of cancer pain is dependent on the
anatomical location and the histological type of the cancer lesion
(Schmidt et al.,, 2010). In addition, tumor heterogeneity plays an
important role in determining the tumor microenvironment milieu,
which ultimately effects pain generation typical for the tumor type
(Sabino et al., 2003; Colotta et al., 2009; Schmidt et al., 2010). Even
though the exact etiology of cancer pain is not completely clear, it is
widely believed that cancer cells secrete a variety of cytokines into the
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tumor microenvironment. The putative cytokine mediators bind and
activate primary afferent nerve terminals within the tumor microenvi-
ronment, subsequently leading to the generation of pain signals (Zheng
et al., 2022). In addition to tumor associated compression of nerve ter-
minals, release of tumor cell- and inflammatory cell- derived
pain-stimulatory molecules such as endothelin, prostaglandin E2
(PGE2), interleukins, nerve growth factor (NGF) and others, have been
shown to sensitize nerve terminals located near the tumor (Dushyanthen
et al., 2013). Further, presence of an inflammatory milieu within the
tumor microenvironment has been shown to result in acute, and long-
term enhancement of neuronal excitability (Khasabova et al., 2007),
changes in synaptic plasticity, central sensitization (Urch et al., 2003)
and heightened pain behavioral response (Falk and Dickenson, 2014).
Systemic administration of various categories of analgesics including &
opioid receptor (DOPr) agonists, voltage-gated calcium channel in-
hibitors, transient receptor potential vanilloid 1(TRPV1) and transient
receptor potential ankyrin 1 antagonists have shown good
anti-nociceptive effect in animal models of cancer pain (Ghilardi et al.,
2005; Niiyama et al., 2009; de Almeida et al., 2021). However, it is
important to note that only few studies have explored the effects of local
infiltration of analgesic agents around tumors in attenuating cancer pain
(Menéndez et al., 2003; Baamonde et al., 2005). Drug delivery, espe-
cially in the form of prolonged release systems and infusion pumps for
local infiltration analgesia may potentially be utilized for managing
selective painful tumors.

In this study, we sought to examine the feasibility of locally targeting
peripheral nerve terminals in the tumor vicinity as an alternative
approach for administration of analgesic agents to mitigate cancer
associated pain. To specifically explore local and referred cancer pain,
we have utilized a murine model of cancer induced bone pain (CIBP).
The rationale for using this model is the localized anatomical site of the
induced tumor, rich peripheral nerve terminals, and site-specific nerve
innervations that arise at identifiable spinal level ganglia. The goal of
the study was to determine the extent of responsiveness of peripheral
nerve terminals in the tumor vicinity to injectable analgesics. Using the
CIBP model, we explore effects of three main category of analgesics,
namely, peripheral opioid (DOPr) agonist, calcium (Ca2") channel an-
tagonists (L-, N- and T-type) and TRP receptor antagonist (TRPV1). The
analgesics were locally administered as peri-tumoral injections around
tumor afflicted bone. We assessed whether these agents given inde-
pendently or in combinations could reduce intra-neuronal calcium levels
in cancer-sensitized sensory neurons and reverse bone-tumor induced
hyperalgesia. The choice of the analgesics was based on pain mitigating
mechanisms utilized by common analgesics including, activation of
peripheral opioid receptors, decreased intracellular calcium concentra-
tion, and activation of the TRPV receptors. The broad category of anti-
inflammatory agents was left out of this study since the variability in
tumor inflammation was considered too diverse across cancer types and
would likely warrant a separate study.

2. Methods
2.1. Animal care

The study was conducted using protocols approved by the Institu-
tional Animal Ethical Committee, Amrita Institute of Medical Sciences,
Kochi, India in accordance with guidelines set forth by the Committee
for the Purpose of Control and Supervision of Experiments on Animals,
Government of India. Adult female Sprague-Dawley (SD) rats weighing
200-250 g were housed in pairs, allowed standard rat diet and water ad
libitum, and maintained in 10 h/14 h light/dark cycle.

2.2. Rat model of cancer-induced bone pain

Experimental model of bone tumor was induced in female SD rats by
injecting allogenic breast cancer cell line, MRMT1 (Riken, Japan) into
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the proximal end of tibia, as previously described (Mathew et al., 2020).
Briefly, almost confluent MRMT1 cells were trypsinized, washed and
resuspended in HBSS at a concentration of 3 x 107 cells/mL. Cells were
maintained at 4 °C and administered to animals the same day. Prior to
tumor-cell inoculation, rats were anesthetized by intraperitoneal injec-
tion of ketamine (100 mg/kg) — xylazine (5 mg/kg), followed by inha-
lational 1-2% isoflurane that was maintained throughout the procedure.
A small 5-8 mm skin incision was applied on the anteromedial surface of
the left knee joint to allow penetration of a 24-gauge needle into the
proximal end of the tibia. Care was taken to gently advance the needle
through the articulating cartilage and enter only about 2-3 mm of the
underlying bone. MRMT1 cell suspension (10 pL) was gradually injected
using a graduated Hamilton syringe, followed by wound closure and
post-surgical recovery. Animals in the sham group received heat inac-
tivated MRMT1 cells. All animals were monitored for palpable tumor
mass and euthanized 2-3 weeks post tumor induction.

2.3. Radiography of rat limb

Hind-limbs of anesthetized animals were radiographically imaged
(GE OEC 9600 C-Arm, USA) on 14-day PTI, and the radiograms were
analyzed by a blinded observer.

2.4. Micro-CT imaging

Excised ipsilateral and contralateral rat hindlimbs from euthanized
animals were collected, fixed with 4% (w/v) paraformaldehyde, washed
with 0.1 M PBS, gently wiped and placed in a cylindrical sample holder.
Microcomputed tomography scanner (MILabs, Netherlands) was used to
scan tibia with 8.8 voxel size, and 3D reconstructions were carried out
with a dedicated visualization software (MILabs, Netherlands) and
ImageJ software. Acquired images were analyzed by a blinded observer.

2.5. Peri-tumoral administration of pharmacological agents

Pharmacological agents were administered to tumor-burdened rats
under a very short inhalational exposure to 1-2% isoflurane. Drugs were
administered via a 1 mL U-40 insulin syringe, that was inserted along the
periphery of the tumor mass at different sites. The injection site was
digitally palpated during needle insertion and care was taken to inject
the drugs primarily into the bone around the tumor, without any infil-
tration into the tumor mass. The total volume of the injectate was
maintained at 200 pL for all drugs. DPDPE (0.04 and 0.4 mg/kg; Abcam,
USA), ziconotide (0.0015 and 0.015 mg/kg; Alomone labs, Israel), dil-
tiazem (2 and 20 mg/kg; Abcam, USA), mibefradil (0.25 and 2.5 mg/kg;
Tocris, UK) drug solutions were prepared in sterile saline according to
the manufacturer’s protocol. JNJ-17203212 injectate (0.5 and 5 mg/kg;
Tocris, UK) was prepared in 10% DMSO, 40% PEG400, 5%Tween-80
and 45% saline. Animals received the pharmacological agents individ-
ually or in combination on day 14 PTI, followed by behavioral studies to
test pain sensitivity. To control for systemic dissemination of injected
drugs, tumor-burdened rats received intra-articular injections in the
contralateral limb, or drugs were administered via the peritoneal route.
Effectiveness of administered analgesics was quantified as a percentage
of maximum possible effect (%MPE) calculated as below (Afify and
Andijani, 2017).

%Maximum  possible effect (%MPE)

Measured baseline — Tumor  baseline

= 1
Maximum  baseline — Tumor  baseline 00

In addition, the duration of analgesia was calculated as the time up to
which the animals maintained an MPE of 50% or more. All animals were
tested for a minimum of 2hrs after drug injection and testing was
continued until the pre-drug baseline was achieved. Animals received
drug injections after a gap of 24-48hrs after experimental sessions.
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2.6. Pain studies

Behavioral responsiveness to pressure, tactile, and thermal, stimuli
were measured in rats, once every three days, till the end of the study.

Pressure stimulus: Limb withdrawal thresholds (LWT) were
measured by applying a gradually increasing pressure stimulus (Pres-
sure application meter, Ugo Basile, Italy) around the knee joint. A
pressure transducer strapped to the investigators thumb, was used to
apply force at the rate of 300 g/s. The application of stimulus was
stopped when the animal demonstrated limb withdrawal, or remained
unresponsive for 5s, whichever occurred earlier, and the peak gram
force eliciting the response recorded as the LWT. Recordings were
repeated thrice on each limb, with a 5 min interval between each
recording and the mean value calculated.

Tactile stimulus: Tactile mechanical stimulus was applied to the mid-
plantar surface of the hind paw of acclimatized rats placed on a wire-
mesh bottom platform, using a hand-held force transducer fitted with
an 8 mm semi-flexible polypropylene tip (electronic von Frey anes-
thesiometer, IITC Inc., Life Science Instruments, Woodland Hills, CA,
USA). Reflexive withdrawal of the paw in response to the application of
an increasing perpendicular force along the polypropylene tip for 4 s,
was recorded as a positive response. The application of stimulus was
stopped when the animal demonstrated paw withdrawal, or remained
unresponsive after 4 s, whichever occurred earlier. The peak force
eliciting the response was recorded as the paw withdrawal threshold
(PWT). Recordings were repeated four times per limb and the mean
value calculated.

Thermal stimulus: Thermal responsiveness was quantified using a
microprocessor- controlled hot plate (IITC Life Sciences, USA). The hind
paw of acclimatized animals was gently placed on the surface of the hot
plate heated to 56 °C with a cut-off period of 10 s. The time taken by the
animal to reflexively remove its limb from the heated surface was
recorded. Each limb was alternated three times, and the mean value
considered as the paw withdrawal latency (PWL).

Extensor postural thrust: Extensor postural thrust was assessed to
determine lower motor strength in lower limbs. Rats were held over a
digital weighing balance, where the animal was allowed to bear weight
on one hind paw at a time. The maximum weight borne by the limb was
recorded. Each recording was repeated three times, and the mean value
considered as the extensor postural thrust.

2.7. Ratiometric calcium imaging in DRG neurons

Rats were euthanized by CO, asphyxiation, and a lumbar lam-
inectomy was performed. Lumbar dorsal root ganglions (L1 to L5) were
carefully identified, extracted, and quickly immersed in ice-cold Ca%*
and Mg2+ free Hank’s Balanced Salt Solution (Lonza, USA). Further,
DRG’s were dissociated using a modified procedure as previously re-
ported (Shankarappa et al., 2011). Briefly, each DRG was cut into 2-3
pieces and incubated in collagenase (2 mg/ mL; type I, Invitrogen) and
dispase (5 mg/mL; type II, Invitrogen) cocktail at 37 °C for 25 min,
under shaking conditions. Enzymatically digested DRG tissues were then
washed with HBSS, triturated 10-15 times using a glass pipette with a
tapered end, and subsequently seeded on poly-D-lysine (100 pg/mL)
coated glass coverslips (¢12mm) in medium containing DMEM with
10%(v/v) Ham’s F-12 supplement, 10%(v/v) FBS, and 1% (v/v) PS
(Katiyar et al., 2021). DRG cells were incubated at 37°C in 5% CO,, for at
least 2hrs before ratiometric imaging. All imaging procedures were
completed within 6-8 hrs from tissue harvest. To assess intracellular
calcium concentration, DRG neurons were loaded with 1 uM FURA-2AM
(Thermo Fisher Scientific, USA) for 30 min at 37 °C and washed with
Ca?" and Mg?" free Tyrode’s solution (Alfa Aesar, USA) and placed in
dark for additional 30 min for dye de-esterification at RT. Coverslips
were placed on an imaging chamber (Warner instruments, USA) and
super-fused with Ca?* and Mg?" free Tyrode’s solution maintained at RT
using a gravity-assisted perfusion controller, and cells were imaged at
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200 times magnification under an inverted fluorescent microscope
connected to a CCD camera (Leica DFC3000G, Germany). Visually
healthy, small, and medium diameter DRG neurons were marked as
regions of interest for measuring ‘R’ values within the ratiometric fluo-
rescence imaging software (Metafluor, Molecular Devices, USA), after
appropriate background subtraction. Images were captured at 510 nm
with excitation wavelength of 340/380 nm. All imaging parameters
including exposure time, gain and time-intervals were maintained con-
stant throughout the experiment. Intracellular Ca%* response was eli-
cited by perfusing 25mM KCl, with or without the specific
pharmacological agents (DPDPE, ziconotide, diltiazem, mibefradil and
JNJ-17203212) in the bath solution. Intracellular Ca®" levels were
calculated using the equation:

(R - Rmin)

24y
(Ca*)i=K; x Q x (R — R)

(where, Ryin 0.09, Rpax 8.43, Q 32.62, and Ky 45, obtained using
Fura-2 calcium imaging calibration kits (Invitrogen, USA) were used for
all ratiometric experiments).

2.8. Immunohistochemistry

Dorsal root ganglia (DRG) were harvested from day 14 naive, sham
and tumor-bearing rats were utilized to determine the expression levels
of peripheral delta opioid receptor (DOPr), calcium channel ions (N-
type; CACNA1B), (L-type; CACNA1C) and TRPV1 ion channels (TRPV1)
respectively. Ipsilateral and contralateral tibial bone from 14-d CIBP
animals were used to determine CGRP positive nerve fiber expression.
Animals were trans-cardially perfused with 0.9% (w/v) heparinized
saline and fixed with 4%(w/v) paraformaldehyde in 0.1 M PBS. Bone
and intact dorsal root ganglia were identified, excised carefully and
post-fixed with 4%(w/v) paraformaldehyde overnight. Fixed DRG tis-
sues were dehydrated using increasing concentration steps of ethanol,
embedded in paraffin blocks and 5 pm thin sections cut using a micro-
tome (Thermo Fisher Scientific, USA). Thin slices of tibial bone were
prepared using marathon clinical micro-motor unit (Saeyang Microtech,
South Korea) attached to a diamond disc blade and post-fixed with 4%
(w/v) paraformaldehyde overnight. Bone tissue were de-calcified by
immersing in 6%TCA solution for 3—4 days at 4 °C and then washed with
0.1 M PBS. Ethanol dehydrated bone sections were embedded in
paraffin blocks and 7-10 um thin sections were cut using a microtome.
Additionally, bone section (3 sections per slide) were subjected to heat
induced antigen retrieval for 10 min at 100 °C, stained with rabbit
polyclonal anti-CGRP antibody (1:200; Abcam, USA and counterstained
with DyLight 549 conjugated secondary antibody (10 pg/mL) (Vector
Labs, USA). Nerve fiber quantification was performed on 3 tissue sec-
tions per group, harvested from 3 rats. Three to ten non-overlapping
images per section were selected, and nerve fiber identification, length
measurement and beading was performed using ImageJ software. All
DRG sections were rehydrated and stained with rabbit polyclonal anti-
DOPr antibody (1:100; Abcam, USA), rabbit polyclonal anti-CACNA1B
antibody (1:200; Abcam, USA), rabbit polyclonal anti-CACNA1C anti-
body (1:200; Alomone labs, Israel) and rabbit polyclonal anti-
TRPVlantibody (1:200; Abcam, USA) and counterstained with
DyLight 549 conjugated secondary antibody (10 pg/mL) (Vector Labs,
USA). For quantification of ipsilateral and contralateral lumbar DRG
protein expression, analysis was performed on 3 tissue sections per
group, harvested from 4 to 8 rats. Three to ten non-overlapping images
per section were selected, and fluorescence intensity measured in
approximately 50-400 neurons per group. All tissue sections were
examined using Leica 3000B inverted fluorescent microscope connected
to a CCD camera (Leica DFC3000G, Germany). Each DRG neuron was
specified with a region of interest (ROI) and fluorescence intensity was
quantified using ImageJ software and displayed as normalized corrected
total cell fluorescence (CTCF) (do Couto et al., 2020).
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CTCF = (Integrated density )— (Area of selected cell x Mean fluorescence of backround readings)

A neuron was considered positive for the protein expressed, if the
normalized CTCF value was 50% higher than their respective IgG con-
trol. Further, percentage DOPr, CACNA1B, CACNA1C, TRPV1 positive
cells were calculated by counting the total number of cells and the
number of positive cells per field.

2.9. Total RNA isolation and cDNA synthesis

Total RNA was isolated from DRG tissue obtained from naive and
CIBP animals. Additionally, total RNA was extracted from Day 5 DRG
cultures treated with 50% tumor conditioned media. RNA extraction
was performed as per manufacturer’s protocol using the Nucleospin®
RNA Plus kit (740984, Takara Bio, Japan). RNA purity was determined
based on the ratio of absorbance between 260 and 280 nm using the
NanoDrop® spectrophotometer, and only samples with ratio values
exceeding 2.0 were further processed. The cDNA synthesis was per-
formed using the PrimeScript RT Reagent Kit (RR037A, Takara Bio,
Japan), following the manufacturer’s protocol, on a CFX96 Real-Time
system thermal cycler (Bio-Rad, USA), and stored at — 20 °C until
further use.

2.10. Quantitative real-time PCR

Quantitative RT-PCR (qRT-PCR) was performed using the TBGreen
Premix Ex Taqll (RR820A, Takara Bio, Japan) as per the manufacturer’s
protocol. Primers were preformulated for DOPr, TRPV1, CACNA1B,
CACNA1C, CACNA1H and housekeeping gene (p-actin) (Table 1). The
thermal cycling conditions for amplification consisted of an initial
denaturation step at 95 °C for 3 min, followed by 40 cycles of denatur-
ation at 95 °C for 30 s, and annealing and extension at 65 °C for 20 s for
TRPV1, CACNAI1C, and CACNA1B, and at 68 °C for DOPr and CAC-
NA1H. All RT-qPCR experiments were performed on CFX96 Real-Time
system thermal cycler (Bio-Rad, USA). Relative mRNA expression level
was calculated by 2-AACq (Livak) method where CT of target gene was
normalized to that of reference gene (-actin) for both test and calibrator
samples.

2.11. Statistics

Difference in mean values between experimental and control groups
have been tested using GraphPad Prism version 9.4 for Mac (GraphPad
Software, La Jolla California USA). Individual statistical tests are

Table 1
Pre-formulated primer sequences used for qRT-PCR.

SL.No Targets Primer sequence

1 DOPr sense 5-TGAAGACGGCCACCAACATCTACA-3'
anti-sense 5-TTTCCATCAGGTACTTGGCGCTCT-3'

2 TRPV1 sense 5-AGCCAACGCAAGGAGTATGTG-3'
anti-sense 5-CAGTAACAGGATGATGAAGACAGC-3'

3 CACNA1B sense 5-AGGCCAGACATGAAGACACACA-3'
anti-sense 5-TTGCCTTCCTTGCTTGAGTCCT-3'

4 CACNA1C sense 5-CAGCTGTTTGGTGGAAAGTTCA-3'
anti-sense 5-TGTTGATCTTGGTAGTGGGTGG-3'

5 CACNA1H sense 5-ATCAATCCCACCATCATCCGCA-3'
anti-sense 5-ACCTTGGCT TTCCTGTGCTGTA-3'

6 B-Actin sense 5-CCGTGAAAAGATGACCCAGA-3'

anti-sense 5-GTCTCCGGAGTCCATCACAA-3'

indicated in each figure legend.

3. Results
3.1. Osteolysis and pain behavior in the CIBP rat model

Allogenic breast cancer cells were injected into the proximal part of
the left tibial bone, just underneath the articulating cartilage in female
SD rats. After 4-6 days post tumor induction (PTI), a distinct solitary
palpable nodule at the injection site was observed, that gradually
increased in size to a large mass over the next 6-10 days (Suppl. Fig. 1a).
Gross examination revealed a smooth tumor mass with soft consistency
that was fixed to the underlying bone. The skin over the mass appeared
normal with no apparent redness or ulceration and was not fixed to the
tissue below. Excised tibia from 14 d PTI rats demonstrated loss of
normal bone structure with significant tissue erosion (Fig. 1a). Radio-
graphs of the knee joint obtained from day 14 PTI rats showed trans-
lucent lytic lesions within proximal tibia, along with outline of the
tumor soft tissue shadows (Fig. 1b). Micro-CT images of the tumor-
bearing bone further confirmed the presence of multiple, lytic lesions
that had eroded the articulating surface of the proximal tibia (Fig. 1c and
d). Smaller lytic lesions were also observed in inner medial regions near
the articulating surface of the femur (Fig. 1d), most likely due to the
extravasation of the tumor cells into the knee joint. Histological analysis
of bone sections harvested from the lesion site showed infiltration of
tumor cells within the cortical and trabecular bone (Fig. 1e and f), along
with loss of normal bone morphology. In pain behavioral studies,
compared to rats receiving heat killed MRMT1 cells (sham), those
receiving viable MRMT1 cells demonstrated enhanced responsiveness to
pressure stimulus applied at the tumor site (knee) (P < 0.05, n = 8-16,
Fig. 1 g), suggestive of local pressure hyperalgesia. Primary pressure
hyperalgesia in the ipsilateral limb was observed starting on day 6 and
was maintained throughout the duration of the study. Additionally,
animals showed increased tactile responsiveness upon mechanical
probing of the hind paw in the tumor-affected limb compared to sham
animals (P < 0.05, n = 8-16, Fig. 1 h), suggesting distal hyperalgesia.
The onset of distal hyperalgesia was also observed around day 6 and
remained throughout the duration of the study. In contrast, animals
demonstrated similar thermal responsiveness in tumor-burdened limb
compared to the tumor-free limb (P < 0.05, n = 8-16, Fig. Slc). Inter-
estingly, despite the aggressive nature of the induced tumor, rats
appeared active, with no loss in body weight (Fig. S1b). In addition, the
extensor postural thrust (EPT), a commonly used measure of motor
strength showed transient reduction shortly following tumor induction
but recovered in the following week (P > 0.05, n = 8-16, Fig. S1d).
There was also no visible change in gait throughout the period of study,
and all animals could easily bear weight on the tumor affected limb,
suggesting that tumor induction most likely did not affect overall limb
motor function. Gait analysis was not performed in this study.

3.2. Expression of mRNA and receptor proteins associated with pain-
signaling in lumbar DRG cell bodies of CIBP rats

Specific pain-signaling associated receptor expression within lumbar
DRG sensory neurons innervating the tumor site was determined in CIBP
rats by immunohistochemical analysis. The lumbar L1-L3 DRG’s were
chosen since axons innervating the epiphyseal region of the tibia
(Matsuo et al., 2019) arise from neuronal cell bodies located in these
spinal segments, while L4-L5 segments innervate the distal hind paw.
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Fig. 1. Tumor induced alteration in local bone architecture and pain behaviour in rats with CIBP. The proximal end of tibia injected with MRMT1 cells demonstrated
bony erosion and matrix destruction on gross examination after 14-d post tumor induction (a). Radiographs showed lytic lesions within the bone along with soft
tissue mass (b), while micro-CT showed osteolytic lesions (arrows) on the articulating surface in the tumor affected knee (d). Haematoxylin and eosin staining of
tumor affected bone sections revealed infiltration of tumor cells (star symbol) into cortical and trabecular bone regions (scale bar = 500 um) (e, f). In pain studies,
local pressure application at the primary tumor site (knee) evoked sharp limb withdrawal response (g), while tactile-stimulus application to the ipsilateral hind paw
resulted in reflexive paw withdrawal (h). Data shown are mean + SD of calculated withdrawal threshold values, obtained from ipsilateral limbs of CIBP (n = 16) and
sham rats (n = 8). * indicates P value of < 0.05, multiple t-test using Holm-Sidak method.

The harvested DRGs were analyzed for expression of DOPr, N-type Ca2*
channel (CACNA1B), L-type Cat channel (CACNA1C) and TRPV1
protein in neuronal cell bodies. IgG rabbit antibody was used as isotypic
control, and DRG tissue sections from naive and sham animals were used
as comparative controls. Neurons exhibiting fluorescent intensity values
that were more than 50% of controls, were determined as positive for
the probed protein, and the overall fluorescent intensity was quantified
and expressed as corrected total cell fluorescence (CTCF) units. DRG
tissue sections immuno-stained for peripheral DOPr, demonstrated
fluorescent signals from neuronal cytoplasm and multiple axonal seg-
ments (Fig. 2b-d). About 30% of neurons in the L1-3 DRG, and about
50% neurons in the L4-5 DRG were found to be positive for DOPr in
CIBP animals, while naive and sham controls had less than 10% positive
cells, although the difference between means did not reach statistical
significance (Fig. 2e). Importantly, compared to controls, the overall
CTCF values in the CIBP groups showed no significant difference
(P > 0.05) (Fig. 2 f). DRG sections stained for the N-type Ca®" channel
protein, showed similar immunostaining profile in CIBP rats compared
to controls (Fig. 2i-k), while sections stained for the L-type Ca" chan-
nels showed slightly higher positivity in the L4-5 DRGs for all groups
(Fig. 2p-r). There was no significant difference in fluorescent intensity
between control and CIBP groups that were stained for TRPV1 protein
antibody, although the number of positive cells were slightly higher in
the CIBP group (Fig. 2z). Additionally, we observed that expression of
DOPr, CACNA1B, CACNAI1C and TRPV1 genes from DRGs that were
either harvested from CIBP rats, or treated with tumor conditioned
medium, was similar to controls (Fig. 2 g, n, u, ab; Fig. S5). Overall,
these results suggest that bone tumor in the proximal tibia did not
significantly affect the expression of DOPr, N-, L- type calcium channel
and TRPV1 receptor proteins and mRNA in DRG neurons.

3.3. Nerve fiber distribution in tumor-burdened bone tissue

We next asked if nerve innervation was disrupted by tumor induction
within tibia and examined neurite distribution after staining for

calcitonin gene related peptide (CGRP) (Fig. 3a-d). Despite the presence
of tumor cells, distinct nerve fibers were observed within the bone tis-
sue. Overall, nerve fibers were detected in the cortical bone and close to
the bone marrow, while a clear delimiting periosteal layer was not
visible. The absence of periosteum could likely be due to periosteal
damage and erosion caused by infiltrating cancer cells. The immuno-
stained nerve fibers were seen as individual tortuous structures with a
beaded appearance (Fig. 3d). The innervation was moderately dense
with no specific patterns and did not show any histological signs of
neurite injury. The tumor-burdened tissue exhibited a reduction in the
number of nerve fibers relative to contralateral tissue sections (Fig. 3e).
However, nerve fiber length, beading pattern and beading density on the
nerve fibers, indicative of injury, were similar (Fig. 3 f, g) in both
groups. These results confirm the presence of intact sensory nerve fibers,
albeit reduced, within tumor-burdened bone tissue.

3.4. Effect of antinociceptive agents on intracellular Ca®* response in
DRG neurons from CIBP animals

To determine the sensitivity of pain neurons to antinociceptive
agents, we measured alterations in calcium homeostasis in sensory
neurons innervating the tumor site. Small and medium diameter neu-
rons isolated from L1-L5 DRGs from tumor-bearing, and naive rats were
subjected to ratiometric Ca?* imaging. Analysis of calcium transients
demonstrated resting intracellular (Ca2+)i concentration that was about
40% higher in DRG neurons from CIBP animals (89 + 49 nM; n = 598),
compared to controls (63 + 17 nM; n = 28) (Fig. 4a). Following KCl-
induced depolarization, neurons from CIBP animals demonstrated
peak (Ca2+)i response (227 + 185 nM; n = 134) that was about 32%
higher than controls (171 + 112 nM; n = 24) (Fig. 4b). To further
determine (Ca®"); response to selected antinociceptive agents, DRG
neurons harvested from CIBP rats were independently perfused with
DOPr agonist [D—Penz’s] -Enkephalin (DPDPE), N-type Ca®* channel
antagonist (ziconotide), L-type Ca?" channel antagonist (diltiazem), T-
type Ca2t channel antagonist (mibefradil) and TRPV1 channel
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Fig. 2. Protein and mRNA expression of DOPr, CACNA1B, CACNA1C and TRPV1
in DRG neurons. Typical immunohistochemical images depicting DOPr (b-d),
CACNA1B (i-k), CACNA1C (p-r) and TRPV1-positive cells (w-y) (arrows), from
ipsilateral lumbar (L1-3 & L4-5) DRG sections harvested from CIBP (14-d PTI,
n = 8), sham (n = 4) and naive rats (n = 4). Protein expression was quantified
and represented as percentage positive cells (e, 1, s, z) and corrected total cell
fluorescence (f, m, t, aa) for each protein and data expressed as mean + SEM.
The IgG control antibody was raised in rabbit (a, h, o, v). mRNA expression was
quantified relative to naive control group and shown as mean + SD (g, n, u, ab).
Statistical analysis was performed using one-way ANOVA with Sidak’s multiple
comparison (for protein expression), and unpaired Student’s t-test with Welch’s
correction (for mRNA expression).
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Fig. 3. Identification of nerve fibers within bone tissue.
Representative immunohistochemical images showing
CGRP+ve nerve fibers (arrows) from decalcified tibial bone
sections harvested from ipsilateral (d) and contralateral
site (c) of 14-d PTI rats. Negative control with no primary
antibody (a) and isotype control (b) were utilized to vali-
date antibody specificity. Bar graphs indicating average
number of CGRP+ve nerve fibers (e), nerve fiber length (f),
and percentage of nerve fibers with beaded appearance (g),
obtained from contralateral (CL) and ipsilateral (IP) tibial
bone sections from CIBP rats (n = 3). Data shown as mean
+ SD; from measurements performed in at least 3 sections
per rat. Statistical analysis was performed using an un-
paired t-test with Welch’s correction, and P value indicated
as above.

e f g
]
=20 &g 20 8840
245 =215 S 230
< = E.o
210 e 5 10 S £ 2
5 5 i_ Z3 5 = %0
o S

0 0 0
= cLIP cL IP

antagonist (JNJ-17203212) for 10 min. Basal and peak (Ca2+)i response
was recorded and the efficacy of perfused drugs in reducing peak (Ca");
response was calculated. DPDPE exhibited a dose-dependent reduction
in peak (Ca®"); levels with 100 nM (110 =+ 91 nM; n = 20) and 1000 nM
(102 £+ 61 nM; n = 20) showing 50% efficacy in reducing peak (Ca2+)i
(Fig. 4c) compared to non-perfused controls (227 + 185 nM; n = 134)
(P < 0.05). Similarly, perfusion of 1000 nM of ziconotide, diltiazem and
JNJ-17203212 induced approximately 40% reduction in peak (Ca?");
response, while mibefradil had no effect (Fig. 4d, e, f, g). Furthermore,
combination of DPDPE with other agents produced peak (Ca?"); re-
sponses that were no different from individually tested drugs (Fig. 4h),
suggesting that the drug combinations tested in this study did not pro-
vide additional benefits.

3.5. Drug-induced pain attenuation at primary and distal tumor sites in
CIBP rats

To assess the antinociceptive effects of analgesics administered in the
peri-tumoral area, evoked pain behavior response to graded mechanical
pressure and tactile stimulus was tested at the tumor site and the hind
paw respectively, in day 14 PTI rats. Effectiveness of administered an-
algesics was quantified as a percentage of maximum possible effect (%
MPE), along with the total duration of analgesia. Animals exhibiting
MPE of more than 50% were considered as responders, but data was
analyzed inclusive of both responders and non-responders. Peri-tumoral
administration of DPDPE at lower (0.04 mg/kg) and higher (0.4 mg/kg)
dose reduced primary pressure hyperalgesia in approximately 50% and
75% of the animals respectively (Fig. 5 & Table S1). Lower dose of
DPDPE attenuated primary pressure hyperalgesia with an MPE of 71
+ 11% for about 37 + 48 min while, a higher dose resulted in an MPE of
84 + 21% for 81 + 54 min (Table S1). Similarly, the centrally mediated
distal hyperalgesia was also reduced after peritumoral DPDPE admin-
istration in approximately 50% of the animals tested (Fig. 6 & Table S2).
Intrestingly, intra-articular injection of DPDPE in the contralateral limb
showed pain mitigating effect at the centrally mediated distal site, but
not as much at the local site (Fig S3). Expectedly, systemically admin-
istered DPDPE controls produced primary and distal analgesia that was
quite robust and comparable to that obtained by DPDPE administered
via the peritumoral route (Fig. S4). Overall, local peritumoral adminis-
tration of §-opioid agonist showed robust attenuation of primary pres-
sure hyperalgesia, but the observed mitigation of distal hyperalgesia
could most likely be due to systemic leakage from the injected site.

Similarly, pain responses after peritumoral application of ziconotide
(0.0015 mg/kg; 0.015 mg/kg), diltiazem (2 mg/kg; 20 mg/kg), mibe-
fradil (0.25 mg/kg), and JNJ-17203212 (5 mg/kg) were tested in rats

CL P

with CIBP. Attenuation of primary pressure hyperalgesia and distal
hyperalgesia were mostly comparable with controls (P > 0.05) sug-
gesting that peritumoral administration of Ca®" channel and TRPV1
antagonists does not play a significant role in attenuating CIBP (Figs. 5
and 6). Interestingly, higher dose of mibefradil (2.5 mg/kg) showed
significant reduction in primary pressure hyperalgesia (P < 0.05).

4. Discussion

Peripheral nerve fibers in the vicinity of cancer lesions are one of the
least explored components of the tumor microenvironment. Lately,
studies have focused on the functional role of cancer nerve terminals and
found that axonal terminals in the tumor microenvironment alter cancer
growth, and possibly promote metastasis (Jerard et al., 2023). In fact,
there appears to be strong two-way cross talk between tumor cells and
the peripheral nerve terminals, with each affecting the other in multiple
ways (Silverman et al., 2021). In this scenario, it is important to un-
derstand how such nerve terminals exposed to a highly heterogenous
and cytokine-rich tumor microenvironment responds to local applica-
tion of select analgesics. Especially with the recent development in
prolonged and sustained drug delivery system technologies, it is quite
plausible that guided or unguided local infiltration analgesia could be
further expanded for managing cancer pain in palliative settings.

In this study, we attempt to address this issue by exploring the
responsiveness of nerve terminals to select analgesic drugs in a model of
cancer induced bone pain. The analgesics were chosen based on pain
mitigating mechanisms utilized by common analgesics including, acti-
vation of peripheral opioid receptors, decreased intracellular calcium
concentration, and activation of the TRPV receptors. To test the effect of
these analgesics on CIBP, we utilized an allogenic rat model that showed
robust tumor growth along with primary and distal hyperalgesia in
response to intraosseous administration of breast cancer cells. Compared
to other bone cancer models that administer cancer cells into the med-
ullary compartment of long bones through a pre-drilled opening (Urch
et al., 2003), in this study we implemented a relatively simpler, yet
reproducible procedure where cancer cells are injected into the
cortico-trabecular area just underneath the articulating cartilage of the
proximal tibia. Because tumor growth is quite apparent and easily
accessible by palpation, identification of tumor margin for peri-tumoral
injection is quite simple and accurate. Furthermore, since the tumor
growth was consistently in the superior part of the tibia encroaching on
the articulating surface, the specific DRGs innervating the anatomical
area could be reliably targeted and isolated. However, in addition to
sensory afferents, several sympathetic fibers arising from the thor-
acolumbar sympathetic ganglia innervate the condylar region of the
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Fig. 4. Intracellular calcium response in sensory neurons innervating bone
tumor. Bar graphs showing intracellular Ca* concentration at rest (a), and
peak Ca?" after KCl-induced depolarization (b) in small and medium sized DRG
neurons harvested from naive (n = 28 neurons), and CIBP rats (n = 598 neu-
rons) . Peak Ca®' levels from neurons exposed to varying concentrations of
DPDPE (c), Ziconotide (d), Diltiazem (e), Mibefradil (f), JNJ-17203212 (g),
along with drug combinations (h) were quantified. Individual drug concentra-
tion used in (h) was 100 nM for all drugs. Data shown as mean + SEM, where
the number of neurons tested per group is indicated within each bar graph.
Statistical analysis was performed using Student’s-test with Welch’s correction
(a,b), and one-way ANOVA with Sidak’s multiple comparison test (c-h), * in-
dicates P value of < 0.05.

knee (Matsuo et al., 2019) and partially contribute to hyperalgesia
associated with nerve injury, but these ganglia were not examined in this
study.

Behaviourally, CIBP manifested as localized pain at the tumor site,
and distal pain at the hind paw. The local pain response elicited by a
graded pressure stimulus at the tumor site could be attributed to the
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activation of peripheral nerve fibers in or around the tumor. Interest-
ingly, our immunohistochemical analysis of the tumor site revealed a
marked reduction in the number of nerve fibers within the tumor area,
although there was no difference in the overall length of existing nerve
fibers or fiber beading. It is interesting to consider that experimental
tumor models are generally quite aggressive and may not allow suffi-
cient time for adaptive changes to occur in innervating nerve fibers. The
reduced number of nerve fibers per tissue section could also be due to
displacement of innervating fibers by the fast-growing tumor cells. Our
observation related to reduced nerve density in the tumor site is
consistent with previous reports in pancreatic (Iwasaki et al., 2019), and
endometrial cancer (Giray et al., 2018). In addition, some studies have
reported hypertrophy of nerve terminals at the tumor site (Zhao et al.,
2014), but this feature was not examined in this study. Additionally, the
distal hyperalgesia observed in this study is also consistent with other
medullary bone cancer pain models and is commonly attributed to
central sensitization in dorsal horn neurons (Latremoliere and Woolf,
2009). However, it is important to note that in some reports, the term
‘secondary hyperalgesia’ has been used in overlapping context with
distal hyperalgesia, to describe pain sensitivity in remote areas, as well
as in the neighbouring vicinity of the primary pain source (Sandkiihler,
2009; Jochmann et al., 2015). In our study, the elicited paw withdrawal
response is remote from the tumor site, and as reported earlier, it is
associated with increased expression of ATF3 (Mathew, Madhusudanan
and Shankarappa, 2020) in central neurons, suggestive of central
sensitization. Due to these reasons, we have described the observed
remote paw-withdrawal response as CIBP-induced distal sensitivity or
hyperalgesia, to maintain distinction.

Cell bodies of neurons innervating the tumor area clearly demon-
strated expression of DOPr, N-, L-type Ca?" channels, and TRPV1 pro-
teins, and this observation was consistent with previous reports that
validate their distribution in peripheral sensory neurons and spinal cord
(Fuchs et al., 2007; Otis, Sarret and Gendron, 2011; Li et al., 2015).
However, we found no changes in the expression of the tested receptor
proteins in the DRG’s of CIBP animals using immuno-histochemical
methods, although few previous studies have observed increased DOPr
mRNA and protein levels in chronic inflammatory pain conditions
(Cahill et al., 2003). Since cancer pain has features of both inflammatory
and neuropathic pain (Urch, 2004), and the tumor environment is
commonly infiltrated by inflammatory cells, we had hypothesized that
receptors associated with pain signalling would be increased. However,
we did not observe any change in receptor protein and mRNA expres-
sion, suggesting that tumor induction in the bone did not affect the
expression of our targeted proteins. Even though we detected expression
of DOPr in the cell bodies of sensory neurons, the anti-DOPr antibody
utilized in this study showed poor binding within bone tissue, possibly
due to harsh antigen retrieval procedures and decalcification methods
adopted in immunohistochemical methods for bone. Detection of DOPr
in bone tissue has proved to be quite difficult and even sensitive methods
such as radio-ligand binding assays require pooled tissue samples for
identification (Bergstrominim et al., 2006).

Since intracellular Ca?* response to evoked depolarization is a well-
established cellular indicator of pain modulatory mechanisms in sensory
neurons, we used ratiometric imaging technique to further determine
the efficacy of each of the drug targets in DRG neurons from CIBP ani-
mals. Two weeks post tumor induction, we observed both resting and
evoked peak Ca®' concentration to be significantly higher in lumbar
DRG neurons, compared to non-tumorigenic animals. Interestingly,
conditioned media obtained from rhabdomyosarcoma and osteosar-
coma cells has been shown to increase intracellular calcium concen-
tration in healthy neurons via activation of TRPV1 channels (Lautner
et al., 2011). In animal experiments, DRG neurons harvested from mice
with fibro-sarcomatous tumours demonstrated increased intracellular
Ca?* levels, along with enhanced activity of voltage-gated Ca*" chan-
nels (Khasabova et al., 2007). Increased intracellular Ca®* levels in
primary afferent neurons from tumor burdened animals has been
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Fig. 5. Pain attenuation at tumor site. The antinociceptive effect of analgesics
administered via the peritumoral route was expressed as percent of maximum
possible effect (MPE) (left Y axis, black bars). Duration of analgesia was
calculated and quantified (right Y axis, grey bars). All behavioral responses
were measured from the tumor site at the knee, after application of a graded
mechanical pressure stimulus. Data shown as mean + SD where number of rats
tested per group is indicated on top of the bar graph. Statistical analysis was
performed using one-way ANOVA, with Dunnett’s multiple comparison test
Eompared to vehicle group, * indicates P value of < 0.05.

previously attributed to tumor-associated expression of cellular factors
such as ATF3 (Mathew et al., 2020), galanin(Peters et al., 2005), and
dynorphin, resulting in long-term phenotypic changes in sensory neu-
rons. Alternation in neuronal discharge frequency and increased excit-
ability in a greater proportion of wide dynamic range neurons from
tumor induced mice (Khasabov et al., 2007) are additional evidence that
points towards tumor induced phenotypic changes that occur in neurons
innervating tumor tissue. Based on these studies, it is quite likely that
even in the current study, the increase in DRG (Ca®"); in tumor burdened
rats is strongly associated with the development of primary (Kucharczyk
et al., 2020) and distal hyperalgesia (Cain et al., 2001; de Clauser et al.,
2020). Further, we found that ligand mediated activation of DOPr
agonist, and TRPV1 blocker resulted in significant reduction in peak
(Ca2+)i concentration in DRG’s harvested from CIBP rats, although
contributions from L-, N- and T-type Ca?' channel blockers were
limited.

While the DOPr agonist demonstrated good analgesia in CIBP ani-
mals, L-, N- calcium channel blockers, and TRPV1 antagonist failed to do
so. Failure to achieve therapeutic dose, changes in receptor expression at
the peripheral nerve terminals (Maqgboul and Elsadek, 2018), or limited
contribution of these blockers to antinociceptive activity (Julius, Bas-
baum, 2001; Mantyh et al., 2002) at the tumor site may be few reasons
for this observation. In stark contrast, the T-type calcium channel
blocker mibefradil, demonstrated poor reduction in peak (Ca2+)i con-
centration in DRG’s harvested from CIBP rats, but robust reduction in
primary hyperalgesia in CIBP animals. Our behavioural observations
align well with previous studies that report considerable reduction in
neuropathic and inflammatory pain with T-type blockers. However, the
non-responsiveness of (Ca2+)i concentration in DRG neurons to mibe-
fradil could be attributed to the fact that T-type channels modulates
neuronal membrane excitability and contribute to neuronal firing by
allowing only small changes in (Ca?t);, but their contribution to overt
changes in (Ca®"); concentration is minimal (Cain and Snutch, 2010;
Shankarappa et al., 2011). It is also interesting to note that mibefradil
shows dose-dependent attenuation of elicited pain at the local tumor
site, but a similar dose-dependent effect is absent at the distal hindpaw
site. The observed analgesic effect at the local site can be attributed to
direct drug-receptor interaction since the drug solution is administered
in the same location. However, the analgesia at the hindpaw is pre-
dominantly a central effect since the hindpaw sensory afferents arise
from the lumbar spinal cord. It is plausible that the distal analgesia
observed in the study may be due to drug leakage from the tumor area
and the concentration difference may not elicit a measurable
dose-response pattern.

Further, based on the mechanism of action of each of the drugs used,
we had anticipated that the combination of DOPr agonist with the other
drugs used in this study could have additive or synergistic effect on
evoked Ca®" response. However, at the concentration range tested, we
did not observe any beneficial effect in terms of additivity or synergism.
Previous studies have attributed low drug dosage ratio (Roca et al.,
1996), and mutual interference of co-administered calcium antagonists
at their binding sites for lack of additivity (Miranda and Paeile, 1990;
Foucquier and Guedj, 2015), while others have suggested changes in
channel conformation post receptor binding that could hinder further
binding, thereby preventing drug synergy or additivity (Miranda and
Paeile, 1990). The specific mechanisms for lack of additivity or
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Fig. 6. Pain attenuation at distal site to tumor. The antinociceptive effect of
analgesics administered via the peritumoral route was expressed as percent of
maximum possible effect (MPE) (left Y axis, black bars). Duration of analgesia
was calculated and quantified (right Y axis, grey bars). All behavioral responses
were measured from the hind paw, distal to the tumor site, after application of a
graded tactile stimulus to at the hind paw. Data shown as mean + SD where
number of rats tested per group is indicated on top of the bar graph. Statistical
analysis was performed using one-way ANOVA with Dunnett’s multiple com-
parison test compared to vehicle group, * indicates P value of < 0.05.
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synergism were not tested in this study.

Mitigation of primary hyperalgesia by local injection of DOPr agonist
was observed at a concentration of 0.4 mg/kg. Activation of DOPr is
known to modulate cyclic AMP levels (cAMP) (Al-Hasani and Bruchas,
2011), and effect ERK1/2 (Eisinger and Ammer, 2008), p38 MAPK
(Zhang et al., 1999), JNK, Akt(Kawaminami et al., 2022) and PLC
pathways (Bie et al., 2010). In addition, DOPr activation has also been
shown to increase G-protein coupled inward rectifying potassium
channels (GIRK) (Shirasaki et al., 2004) and inhibit voltage-gated cal-
cium channels (Wu et al., 2008) and thereby reduce neuronal excit-
ability, and consequently dull the perception of pain (Quirion et al.,
2020). Subcutaneous injection of the DOPr agonist, DPDPE, at a dose of
30-100 pg has been previously reported to produce naltrindole-sensitive
attenuation (Baamonde et al., 2005) of tumor-induced thermal hyper-
algesia in mice. Comparatively, administration of DOPr agonists via the
intraperitoneal (Brainin-Mattos et al., 2006), intrathecal (Otis et al.,
2011) or the intraplantar (Brigatte et al., 2013) routes require relatively
lower doses to mitigate cancer induced pain. Curiously, we also
observed that peritumoral administration of 0.4 mg/kg DPDPE and
0.25 mg/kg and 2.5 mg/kg of the T-type calcium channel antagonist
attenuated hyperalgesia, both at the tumor site, as well as the distal site.
Since intra-articular injection of the same drugs in the contralateral limb
did not produce any discernible analgesia at the tumor site, it can be
strongly surmised that the peri-tumoral mitigation of primary hyper-
algesia is due to the local action of analgesics on tibial afferents and not
primarily due to systemic leakage. However, it is inevitable that small
amounts of systemic leakage of the drug is bound to occur in all forms of
local injections, and this could be true in this study as well. Systemic
leakage of DPDPE and the TRPV1 antagonist from the peritumoral site,
could most likely produce mitigation of distal hyperalgesia via centrally
located receptors at the level of spinal cord or brain. Though the anal-
gesic effect of systemically administered N-, L- and T- type Ca2* channel
blockers on tumor-induced pain has been previously observed (Taka-
susuki and Yaksh, 2011), local administration of these drugs at the
tumor site did not produce any analgesic effects. Further studies may be
warranted with higher concentrations, though the risk of off-target ef-
fects will increase.

One of the limitation of this study has been the use of only one cancer
model to assess the feasibility of local infiltration analgesia. Since
different cancer types are unique in terms of their cellular components
and microenvironment, it is quite possible that depending on the tumor
type, neuronal phenotype within the tumor may be different, leading to
the development of differential sensitivity to locally administered drugs.
A systematic study looking into local analgesic responsivity in different
tumor types would be warranted. Another limitation of this study is that
it does not elaborately compare the difference in efficacy and dose-
dependent toxicity between systemic and local infiltration analgesia.
Although the primary goal of this study was not to compare the route of
drug administration, information related to comparative efficacy and
local tissue toxicity limits in future studies would be of help.

5. Conclusion

In conclusion, peritumoral administration of DOPr agonist and T-
type calcium channel antagonists provide transient mitigation of pain at
the tumor site in a model of bone cancer induced pain. The strategy of
local infiltration analgesia around the tumor may not be practical for
tumors that are inaccessible and those that may require major surgical
access.
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