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Background: Clinical data on cancer-induced pain (CIP) demonstrate widespread changes in sensory function. It is characterized in
humans not only by stimulus-invoked pain, but also by spontaneous pain. In our previous studies in an animal model of CIP, we
observed changes in intrinsic membrane properties and excitability of dorsal root ganglion (DRG) sensory neurons corresponding to
mechanical allodynia and hyperalgesia, of which abnormal activities of AP-fiber sensory neurons are consistent in a rat model of
peripheral neuropathic pain (NEP).

Objective: To investigate whether there are related peripheral neural mechanisms between the CIP and NEP models of spontaneous
pain, we compared the electrophysiological properties of DRG sensory neurons at 2-3 weeks after CIP and NEP model induction.
Methods: CIP models were induced with metastasis tumour-1 rat breast cancer cells implanted into the distal epiphysis of the femur.
NEP models were induced with a polyethylene cuff implanted around the sciatic nerve. Spontaneous pain in animals is measured by
spontaneous foot lifting (SFL). After measurement of SFL, the animals were prepared for electrophysiological recordings of
spontaneous activity (SA) in DRG neurons in vivo.

Results: Our data showed that SFL and SA occurred in both models. The proportion of SFL and SA of C-fiber sensory neurons in CIP
was more significantly increased than in NEP models. There was no difference in duration of SFL and the rate of SA between the two
models. The duration of SFL is related to the rate of SA in C-fiber in both models.

Conclusion: Thus, SFL may result from SA activity in C-fiber neurons in CIP and NEP rats. The differences and similarities in
spontaneous pain between CIP and NEP rats is related to the proportion and rate of SA in C-fibers, respectively.
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Introduction

Cancer-induced pain (CIP), especially from primary cancer metastases to the bone, is a common and highly debilitating
complication of many cancer patients.! Overall, 75-90% of patients with metastatic or advanced cancer will experience
severe pain that significantly affects their quality of life."? CIP typically involves background pain, spontaneous pain,
and incidence or movement-evoked pain.' While background pain is relatively stable and adequately controlled,
spontaneous and movement-evoked pain, often referred to as breakthrough pain, involves episodes of extreme pain
that breach the underlying level of background pain.' Therapeutically, the spontaneous and movement-evoked pains are
more difficult to control, and the treatment is often accompanied by intolerable adverse effects.'*

One of the main reasons for the poor pharmacological targeting of CIP is the complexity of the pain state, which may
involve inflammatory, neuropathic, and cancer-specific pain mechanisms.' The biological mechanisms of cancer-related
pain are multifaceted. Depending on the type and anatomical location of the cancer, different pain processes may be
responsible.”® In our previous investigation of an animal model of CIP, we observed changes in intrinsic membrane

properties and excitability of dorsal root ganglion (DRG) C-fiber and AB-fiber neurons corresponding to mechanical
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allodynia and hyperalgesia, of which abnormal activities of AB-fiber sensory neurons are consistent in a rat model of
peripheral neuropathic pain (NEP).>!'® This has prompted an investigation and comparison of the intracellular electro-
physiological characteristics of DRG sensory neurons corresponding to spontaneous pain in rat models of NEP and CIP.

Clinical symptoms of spontaneous pain include pinching, shooting, burning, stabbing, and paroxysmal pain, some-
times with dysesthesia and/or paresthesia.'"*'? In animal models, spontaneous foot lifting (SFL) behavior is considered
a manifestation of spontaneous pain.'*'* In this study, we compared the spontaneous activity (SA) properties of DRG
sensory neurons at 2—3 weeks after CIP model induction with properties in NEP animals. Our finding indicates that SA in
C-fiber neurons play an important role in spontaneous pain. The differences and similarities in spontaneous pain between
CIP and NEP rats is related to the proportion and rate of SA in C-fibers, respectively.

Methods

All experimental procedures were in accordance with the Guide for the Care and Use of Laboratory Animals, Vols. 1 and
2, of the Canadian Council on Animal Care. All protocols were reviewed and approved by the McMaster University
Animal Research Ethics Board.

CIP Model Rats and Tumor Induction

Immunocompetent female Sprague-Dawley (SD) rats (Charles River Inc., St. Constant, QC) weighing 170-200 g were
randomly assigned to the CIP surgery group (n = 18). CIP animals were induced as described in our previous study,
following a method established by others.'>'® The rats were anesthetized with inhaled isoflurane (3-5% in O,) and
injected with 3.0x10* MRMT-1 cells resuspended in 20 pL of HBSS into the femur.'>'¢

NEP Model Rats and Peripheral Neuropathic Surgery

Immunocompetent female Sprague-Dawley (SD) rats (Charles River Inc., St. Constant, QC) weighing 170-200 g were
also randomly assigned to the NEP surgery group (n = 18). A peripheral neuropathy was induced according to the
method previously described in detail.'”'® Under anesthesia, the right sciatic nerve was exposed in the mid-thigh. Two
0.5mm polyethylene (PE 90) tubing cuffs (Intramedic PE-90, Fisher Scientific Ltd., Whitby, Ontario, Canada) were
inserted around the exposed nerve approximately 1 mm apart. The wound was then sutured.

Control Rats

In our previous study, CIP-control rats (sham injection rats) only received an injection of 20 pL of HBSS by the same
procedures. NEP-control rats were induced using the same procedure except that no cuff was inserted around the sciatic
nerve. Our previous studies showed that DRG neuronal membrane properties in CIP-sham and NRP-sham rats were
similar to unoperated control rats.'®'® Therefore, in this study, we did not use a separate sham group.

Behavioral Tests

Our previous studies showed that both the NEP model and the CIP model were well developed with mechanical
allodynia within 14-21 days.”'%**2! For comparing mechanistic allodynia and spontaneous neuronal activity in the
same time frame, behavior tests were performed immediately before the anesthesia required for electrophysiological
recordings (14-21 days).

We used spontaneous foot-lifting (SFL) as a marker of spontancous pain. SFL was measured according to the method
previously described in detail.'> Rat lifting of the ipsilateral hindpaw accompanied by aversive behaviors (eg, foot
shaking/licking) was measured during the 30-minute observation. The contralateral hindfoot was also observed during
the same period. Foot lifts associated with exploratory behavior, locomotion, body repositioning, and grooming were
excluded. The duration of persistent paw elevation was recorded with a stopwatch. Rats with SFL of >1 sec were
considered to have spontaneous pain. SFL duration was calculated as an average of the duration the rats lifted their
ipsilateral hindfoot during the observation time.

One form of evoked pain behavior (mechanical allodynia) was measured by Von Frey paw withdrawal threshold test,
as described in our previous study.'*'® Briefly, rats were placed in a clear plexiglass box which can allow full paw
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access. Rats were habituated to the box until cage exploration and primary grooming activities ceased. Von Frey
filaments (Stoelting Co., Wood Dale, IL) were applied to the plantar surface of the ipsilateral hind paw to determine
the mechanical retraction threshold using the up—down method.'®?

In vivo Intracellular DRG Recordings

Details of acute intracellular electrophysiological recording techniques in our study have been reported
previously.”!' %821 Briefly, each rat was anesthetized and fixed in a stereotaxic frame with the vertebral column rigidly
clamped at lumbar L2 and L6. L4 DRGs containing large number of hind leg afferent somatic cells were selected and
exposed for somata intracellular recordings. The L4 dorsal root was sectioned for stimulation. The distance from the
stimulation site to the recording site (centre of the DRG) was measured at the end of the experiment to determine
conduction distance. This value was used to calculate the conduction velocity (CV) of the dorsal root axon associated
with each neuron. DRG sensory neurons were classified according to their conduction velocity (C-fiber neurons
[<0.8 mm/ms], and Ap-fiber neurons [>6.5 mm/ms]).'*'!®

Spontaneous Activity

Neurons are classified as spontaneous activity (SA), which refers to sustained firing that does not respond to known
stimuli. SA was identified according to the method previously described in detail.'> C-cooling units, which usually fire at
room temperature, and muscle spindle afferents, which have high stretch-evoked firing rates affected by muscle
manipulation, were excluded in this study.

Statistical Analysis of Behavioral and Electrophysiological Data
Comparisons of the proportion of animals with and without SFL between CIP and NEP in Figure 1A were made with
Fisher’s exact test in contingency table comparisons (2 x 2). Comparisons of SFL duration in Figure 1B were made
between CIP and NEP with the Mann—Whitney U test. Linear regression analyses were performed on data in Figure 2.
Multiple pairwise comparisons of proportions of neurons with and without SA between control, CIP and NEP in Figure 3
were also made with Fisher’s exact test. Comparisons of SA median firing rates in Figure 4 were made between CIP and
NEP with the Mann—Whitney U test. Linear regression analyses were performed on data Figure 5. GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA) was used for statistical analyses and graphing.

In this study, a sensory neuron firing rate was assessed based on a measure of the median SA rate (Hz) in one trial. We
wrote the code in MATLAB (The MathWorks Inc., Natick, Massachusetts) to calculate the SA median rate described above.
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Figure | SFL in CIP (n = 18) and NEP (n = 18) rats. Numbers above histogram columns in (A) indicate number of rats with >1s SFL. (A) shows that the percentage of CIP

rats with SFL is significantly greater than that of NEP rats (p = 0.043, Fisher’s exact test). (B) shows SFL duration in CIP and NEP rats (p = 0.003, Mann—Whitney test).
*p <0.05.
p
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Figure 2 Relationship between spontaneous pain and mechanical allodynia from CIP rats (A) and NEP rats (B). The 50% withdrawal threshold was determined using von
Frey filaments as a measure of mechanical allodynia. The direction of the axes shows more extreme pain-related behaviors toward the top and right of the graphs. Linear
regression analysis was performed on CIP and NEP separately. Allodynia was not significantly correlated with SFL in CIP and in NEP rats.
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Figure 3 Number of (A) C-fiber neurons and (B) AB-fiber neurons with SA in CIP and NEP rats. The columns show neurons from control, CIP, and NEP rats. The filled
columns are number of neurons with SA and the open columns are number of neurons with no SA. The horizontal lines above the graphs link columns between which there
is a significant difference using Fisher's exact test for 2 X 2 contingency tables. Levels of significance are indicated as follows: *p <0.05; ***p <0.001.

Results

Behavior Study

Behavioral Signs of Spontaneous Pain

No SFL was observed in control rats (n = 18) and none of the rats exhibited SFL on the contralateral foot. SFL occurred
in both CIP and NEP rats. A higher percentage of CIP rats showed SFL compared to NEP rats (66.67% [12 of 18] vs
27.78% [5 of 18]; p = 0.043, Fisher’s exact test) (Figure 1A). Figure 1B shows no difference in SFL duration between
CIP and NEP rats (p = 0.219).

Relationships Between Mechanical Allodynia and SFL

To ensure that SFL is not an evoked response from mechanical allodynia, we performed linear regression analysis
between the two behaviors (Figure 2). There was no significant correlation between SFL and mechanical allodynia in CIP
rats (p = 0.436) (Figure 2A) and in NEP rats (p = 0.940) (Figure 2B).

Electrophysiological Study
Electrophysiological recordings were made in 98 C-fiber neurons (40 in control, 28 in CIP, 30 in NEP) and 110 AB-fiber
neurons (40 in control, 31 in CIP, 39 in NEP), respectively.
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Figure 4 The median rate of spontaneous firing in (A) C-fiber neurons and (B) AB-fiber neurons in CIP and NEP rats. (C) and (D) show example records of two typical
C-fiber (C) and AB-fiber (D) neurons firing spontaneously in CIP rats.
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Figure 5 Plot of SFL duration for CIP and NEP rats (from data plotted in Figure |B) against median firing rates (from data plotted in Figures 4A and B) of C-fiber and AB-
fiber nociceptor-type neurons with SA for that group. The lines indicate significant correlation.

Proportion of SA
SA in DRG sensory neurons of different groups are shown in Figure 3.

In C-fiber neurons, one of 40 neurons in control rats showed SA. However, 20 of 28 neurons (71.4%) in CIP rats and
5 of 30 neurons (16.67%) in NEP rats showed SA; both significantly increased in proportion compared to control rats
(p <0.0001 and p = 0.033, respectively) (Figure 3A). Notably, the proportion of C-fiber with SA was also significantly
increased in CIP rats compared to NEP rats (p < 0.0001) (Figure 3A).

In AB-fiber neurons, none of the 40 in CIP rats showed SA. The proportion of AB-fiber neurons showing SA was slightly
increased in NEP rats compared to control rats (4 of 39 neurons, 10.25%), but not significantly (p = 0.054). The proportion of AB-
fiber neurons (6 out of 31 neurons, 19.35%) in CIP rats showed a significant increase in the percentage of SA compared to control
rats (p = 0.038). There was no significant difference between CIP and NEP rats (p = 0.320) (Figure 3B).
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Rate of SA
In C-fiber neurons, the median SA firing rate in CIP rats (4.163+4.34 Hz; range 0.18—12.71Hz) was not significantly (p =
0.563) different in NEP rats (4.164+3.54 Hz; range, 0.50-9.92 Hz) (Figure 4A).

In Ap-fiber neurons, the median SA rate for CIP rats (0.3424+0.150 Hz; range 0.04—0.98 Hz) was also not
significantly different (p = 0.249) compared to NEP rats (0.158+0.16 Hz; range 0.02-0.34 Hz) (Figure 4B).
Figures 4C and D show recordings of two typical C-fiber spontaneous firings at 10.2 Hz and AB fiber firings at 0.21
Hz in CIP rats.

Link Between Behavior and Electrophysiological Study

Link Between Proportion of SFL and SA

As described above, in CIP rats we have SFL recordings from 12 out of 18 rats (66.67%), in which 20 out of 28 C-fiber
neurons (71.4%) and 6 out of 31 AP-fiber neurons (19.35%) have SA. In NEP rats, we also recorded SFL recordings
from 5 out of 18 rats (27.78), in which 5 out of 30 C-fiber neurons (16.67) and 4 out of 39 AB-fiber neurons (10.25%)
have SA. The proportions of SFL and SA of C-fiber neurons in CIP rats were significantly higher than those in NEP rats.
The relationship between proportion of SFL and SA of C-fiber neurons is positively correlated.

Link Between SFL Duration and SA Rate

In Figure 5, the median SA rate in Figures 4A and B is plotted against the SFL duration in Figure 1B. A highly significant
linear correlation indicated that SFL duration was associated with the median SA rate of C-fiber neurons in CIP rats (p =0.002;
1> =0.43) and NEP rats (p=0.028; > = 0.84). However, there was no relationship between SFL duration and the median SA of
AB-fiber neurons in CIP rats (p = 0.98; r* = 7.484e-005) and NEP rats (p = 0.62; r* = 0.14).

Discussion
This is the first report comparing spontaneous pain (indicated by SFL) and the characteristics of spontaneous firing
(indicated by SA) in sensory neurons in cancer-induced pain and neuropathic pain models.

Functional Significance of Spontaneous Activity in CIP and NEP Models

Our findings on SFL activity and SA from L4 C-fiber neurons and AB-fiber neurons in CIP and NEP models has been
reported in models of cutaneous and joint inflammation, as well as peripheral nerve injury.'>**>" In particular, animal
models of partial and complete nerve injury, chronic peripheral nerve constriction, dorsal root ganglion compression,
nerve inflammation, diabetes, neurotoxin exposure such as chemotherapy, viral infections, and spinal cord injury
increased primary afferent spontaneous activity.>® Electrophysiological recordings on dissociated primary neurons, intact
dorsal root ganglions, and peripheral projections have all been used to demonstrate the associations between primary
afferent SA and neuropathic pain.*® The different values in our NEP model study (female SD rats; SFL: 26.32%; C-fiber
SA: 16,0.67%; Day 14-21) from those of Wu et al (female SD rats; ligation and transection of the L5 spinal nerve; SA in
L4 C-fiber >50%) and Djouhri et al (female Wistar rats: spinal nerve L5 axotomy model; SFL: 17%; SA in L4 C-fiber
35%; Day 7) may relate to differing strain, induced model, recording time period, and DRG site.

In our study, we used the same strain, recording period (2-3 weeks), and recording site (L4 DRG) between NEP and
CIP models. The differences and similarities between these two models are based on the following observations: SFL
occurred in both NEP and CIP models; SA was observed in C and AB-fiber sensory neurons, in both NEP and CIP models;
the proportion of SFL was more significantly increased in the CIP model (66.67%) than in the NEP model (26.32%). The
proportion of C-fiber neurons showing SA in CIP model (71.4%) was also more significantly increased than in NEP model
(16.67%). The SFL duration and the firing rate of SA showed the same range in both NEP and CIP models.

Comparing CIP and NEP models, the relationship between the proportion of SFL and SA in C-fiber neurons is
positive. The linear correlation between SA firing rate of C-fiber neurons and SFL duration in both CIP and NEP models
is consistent with a previous study using neuropathic and inflammatory models.'?
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Possible Mechanism of SA in C-Fiber Sensory Neurons
Causes of SA may include changes in afferent properties and/or environment of the fibers. SA in neuropathic models
is considered to be caused by damage to the axon, soma, or neural sheath.*® This damage can arise from a variety of
pathologies: trauma, compression or entrapment, inflammation (sterile, infectious, or autoimmune), direct infection,
metabolic derangements, nutritional deficiencies, radiation, neurotoxin exposure, vascular insult, or genetic
mutations.***? Although the etiology of cancer-induced pain remains unclear, animal models of cancer-induced
pain have unraveled some of the cancer-induced neuropathologic processes.” Previous studies revealed that cancer
and immune cells produce and secrete mediators into the cancer microenvironment. Such mediators include
protons4°’41, ET-1,%* TNFq,***" NGF??31:35:38 ‘tl’ypsin,41 opioids41 etc., which can modulate nociception.41

Previous studies also proposed that spontaneous pain may result from cumulative neuroinflammatory influences.'?
Djoubhri et al found that CFA treatment rats (intradermal complete Freund’s adjuvant-induced hind limb inflammation)
showed a high rate of SA in C-fiber sensory neurons (35%).'? In another neuropathic pain model, application of the
proinflammatory cytokine TNFa (tumor necrosis factor a) to the DRG resulted in increased dorsal root SA in C-fiber
sensory neurons.*®

These studies suggest that inflammation causes relatively rapid spontaneous firing of C-fiber sensory neurons.
Thus, in our CIP model, the proportion of SA in C-fiber neurons is significantly higher than that in our NEP model,
which may be due to the increased and ongoing inflammation influences provided by cancer-induced peripheral
inflammation.

SA in C-Fiber Neurons May Act as a Peripheral Drive for SFL

Our previous study showed that there is no significant difference between CIP and NEP rats in mechanical
allodynia.'®?%?' The linear regression analysis in this study indicates the lack of correlation between SFL and evoked
pain behaviors (mechanical allodynia) in both CIP and NEP rats. Notably, our previous data showed that AB-fiber but not
C-fiber sensory neurons contribute to mechanical allodynia in NEP mode.'®'® in this study, we found that C-fiber
neurons mainly play a role in SFL/spontaneous pain. All this evidence suggests that SFL in these rats may not be
attributable to allodynia.

The primary afferent neuron is often cited as a site for the origin of SA in neuropathic pain.”**>* A previous study
showed that activation of C- and AB-fiber sensory neurons produces unpleasant/unbearable burning and sharp pain,
respectively. Thus, SA in these two sensory groups may be responsible for the burning and stabbing spontaneous pain
reported in human patients, respectively.'>>* In this study, the correlation between C-fiber SA proportion /SFL proportion and
C-fiber SA firing rate/SFL duration in CIP and NEP models suggests that C-fiber SA occurrence and firing rate is an important
drive for SFL. Therefore, SA in C-fiber neurons may cause the burning spontaneous pain which describes SFL in this study.

Conclusion

In summary, we present the differences and similarities of spontaneous pain between CIP and NEP models. We suggest
there is an underlying neuronal mechanism linking inflammation, proportion and rate of spontaneous firing in C-fiber
neurons and spontaneous pain. Elimination of SA in these C-fiber sensory neurons may therefore relieve cancer-induced
and neuropathic spontaneous pain. Additional studies are needed to elucidate the altered electrophysiological properties
and/or chemical influences causing this C-fiber SA in CIP and NEP models.
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