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Abstract
Pain from cancer can be severe, difficult to treat, and greatly diminishes patients’ quality of life. It
is therefore important to gain new information on the mechanisms of cancer pain and develop new
treatment strategies. We have used a murine model of bone cancer pain to investigate underlying
peripheral neural mechanisms and novel treatment approaches. In this model, implantation of
fibrosarcoma cells into and around the calcaneous bone produces mechanical and thermal
hyperalgesia in mice. C-fiber nociceptors in tumor-bearing mice develop spontaneous ongoing
activity and sensitization to thermal stimuli. However, it is unclear whether sensitization of
nociceptors to mechanical stimuli underlies the mechanical hyperalgesia seen in tumor-bearing
mice. We therefore examined responses of C-fiber nociceptors to suprathreshold mechanical
stimuli in tumor-bearing mice and found they did not differ from those of C-nociceptors in control
mice. Thus, sensitization of C-fiber nociceptors to mechanical stimulation does not appear to
underlie tumor-evoked mechanical hyperalgesia in this murine model of bone cancer pain.

We also examined the effect of the non-selective cannabinoid receptor agonist, WIN 55, 212-2, on
spontaneous activity and responses evoked by mechanical stimuli of C-fiber nociceptors
innervating the tumor-bearing paw. Selective CB1 and CB2 antagonists were administered to
determine the contribution of each receptor subtype to the effects of WIN 55,212-2. Intraplantar
administration of WIN 55,212-2 attenuated spontaneous discharge and responses evoked by
mechanical stimulation of C-fiber nociceptors. These effects were inhibited by prior intraplantar
administration of selective CB1 (AM281) or CB2 (AM630) receptor antagonists but not by
vehicle. These results indicate that activation of either CB1 or CB2 receptors reduced the
spontaneous activity of C-fiber nociceptors associated with tumor growth as well as their evoked
responses. Our results provide further evidence that activation of peripheral cannabinoid receptors
may be a useful target for the treatment of cancer pain.
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1. Introduction
Of the estimated 1.6 million new cancer patients diagnosed each year, between 30 and 60%
will develop chronic pain related to tumor growth and/or treatment (van den Beuken-van
Everdingen et al., 2007; Howlader et al., 2011). More than a third of these individuals will
report pain of moderate or severe intensity, which can significantly impact quality of life
(van den Beuken-van Everdingen et al., 2007). Cancer pain, particularly pain associated
with bone metastases, may not respond well to standard therapies and can be debilitating
with many patients experiencing breakthrough pain (Zeppetella et al., 2000; Mercadante &
Portenoy, 2001; Meuser et al., 2001; Mercadante et al., 2010). In patients diagnosed with
primary or metastatic bone cancer, more than 60% with chronic pain classified it as severe
(Rustøen et al., 2005). Evaluating and managing cancer pain is a major clinical challenge.
Progress towards understanding the pathophysiological changes associated with bone cancer
pain is essential for the development of effective novel therapies.

We have used a reliable model of bone cancer pain in the mouse (Cain et al., 2001; Wacnik
et al., 2001) to investigate neural mechanisms that contribute to cancer pain. Implantation of
osteolytic fibrosarcoma cells into and around the calcaneous bone produced mechanical,
heat, and cold hyperalgesia as the cells proliferated and the tumor enlarged. In mice with
visible tumor growth and hyperalgesia, we found that C-fiber, but not A-fiber, nociceptors
innervating the tumor-bearing paw developed spontaneous activity and enhanced responses
to heat and cold stimuli. It is not known, however, whether nociceptors become sensitized to
mechanical stimuli during tumor growth. In our earlier studies, it was found that mechanical
response thresholds of C-fiber nociceptors were unchanged during tumor development, but
responses evoked by suprathreshold mechanical stimuli were not evaluated (Cain et al.,
2001).

Cannabinoids may be a useful treatment or adjuvant for cancer pain. Cannabinoids produce
antinociception through activation of cannabinoid receptors, referred to as CB1 and CB2
(Griffin et al., 2000; Fride and Mechoulam, 1993). CB1 receptors are associated with the
peripheral and central nervous systems whereas CB2 receptors are primarily located on
immune cells (Facci et al., 1995; Galiegue et al., 1995; Munro et al., 1993). Cannabinoid
receptor agonists have been shown to reduce hyperalgesia in animal models of inflammatory
(Calignano et al., 1998; Moss and Johnson, 1980; Elmes et al., 2005; Clayton et al., 2002;
Richardson et al., 1998b; Martin et al., 1999), neuropathic (Ibrahim et al., 2003; Bridges et
al., 2001; Fox et al., 2001; Herzberg et al., 1997), capsaicin (Johanek et al., 2001; Rukwied
et al., 2003; Ko & Woods, 1999; Li et al., 1999; Richardson et al., 1998a, b) and cancer pain
(Kehl et al., 2003; Hamamoto et al., 2007; Potenzieri et al., 2008a; Hald et al., 2008;
Khasabova et al., 2011). Importantly, administration of cannabinoids into the tumor-bearing
paw decreased mechanical hyperalgesia through activation of cannabinoid receptors located
in the periphery (Khasabova et al., 2011; Potenzieri et al., 2008b), suggesting that
cannabinoids decreased mechanically-evoked responses of nociceptors. However, it is
unknown whether cannabinoids decreased mechanically-evoked responses that were
increased due to sensitization. We therefore examined the effects of cannabinoids on
responses of C-fiber nociceptors. The goals of the present study were to determine: 1)
whether C-fiber nociceptors develop enhanced responses to suprathreshold mechanical
stimuli during tumor growth, and 2) whether spontaneous activity and mechanically-evoked
responses of C-fiber nociceptors are decreased by local administration of cannabinoids. We
utilized the non-selective cannabinoid receptor agonist, WIN 55, 212-2, at a dose previously
shown to be effective in reducing tumor-evoked mechanical hyperalgesia (Potenzieri et al.,
2008b). In addition, specific CB1 and CB2 antagonists were administered to determine the
contribution of each receptor subtype to the overall impact of WIN 55,212-2.
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2. Experimental Procedures
2.1 Subjects

Eighty-two adult (8–10 weeks old) male C3H/He mice (National Institutes of Health),
housed in cages of 3–4 on a 12 h light/dark cycle, were used. Sixty-two mice were
implanted with fibrosarcoma cells and 20 naïve mice served as normal controls (in which C-
fiber nociceptors were studied but did not receive any drug injection). All subjects had free
access to food and water. Behavioral testing occurred between 8:00 am and 12:00 pm. All
protocols and procedures were approved by the University of Minnesota Institutional
Animal Care and Use Committee and were conducted according to the guidelines
established by the International Association for the Study of Pain (Zimmerman, 1983).

2.2 Implantation of cancer cells
NCTC clone 2472 fibrosarcoma cells, obtained from the American Type Culture Collection
(Manassas, VA), were maintained in 75 cm2 flasks in NCTC medium at pH 7.35 with 10%
horse serum and grown to confluence. They were fed and passed one time weekly by a 1:6–
9 split ratio. When prepared for implantation, the medium was poured off and rinsed with
PBS. Trypsin was added for 5–10 min to detach cells from the flask. Enzymatic action was
stopped with a sufficient volume of medium. Cells were then counted via hemocytometer
pelletted, re-suspended and rinsed in PBS, pelletted a second time, then re-suspended in PBS
for implantation at a concentration of 2 × 105 2472 cells/10 μl.

Mice were briefly anesthetized using isoflurane (2–3%) and cancer cells were injected
unilaterally into and around the calcaneous bone of the left hind paw ing a 29 g needle.
Subjects were monitored for motor impairment following recovery from anesthesia and
returned to their home cage at the completion of injections. None of the mice in the current
study demonstrated motor impairment following implantation.

2.3 Assessment of mechanical hyperalgesia
Mice were habituated to the testing room for at least one week prior to obtaining behavioral
measures. Mice were placed into individual glass containers (11 cm L × 6.5 cm W × 5.5 cm
H) on a raised wire mesh surface and allowed to habituate for 30–40 min. Mechanical
hyperalgesia was evaluated using a calibrated von Frey monofilament (0.4 g, 3.9 mN)
applied to the plantar surface of the hind paw through the mesh screen. Pressure was applied
until the filament bent slightly, and it was held against the skin for 1–2 s. A withdrawal
response was indicated by rapid removal of the hind paw from the monofilament, which was
occasionally followed by rapid flinching and/or licking of the plantar surface. The
monofilament was applied to each hind paw ten times at intervals of at least 5 s, and the total
number of withdrawal responses was recorded for each hind paw.

Baseline measurements were taken over a three day period prior to tumor cell implantation.
Tumor cells were implanted approximately 24 h after the last testing session. Testing did not
occur for the first three days after injection to allow mice to recover from the procedure.
Testing resumed on post-implantation day (PID) 4 followed by PID 6 and PID 8 during
which time mechanical hyperalgesia typically developed. Starting on PID 11, daily testing
occurred just prior to electrophysiological experiments. Mice were used for
electrophysiological studies when the frequency of withdrawal responses for the tumor-
bearing paw reached a minimum of 70%, typically between PID 11 and 16. Mice that did
not exhibit withdrawal response frequencies of at least 70% following tumor implantation
were not used (less than 10% of mice).
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2.4 Surgical procedures and electrophysiological recording
Mice were anesthetized using acepromazine maleate (20 mg/kg, i.p.) and sodium
pentobarbital (48 mg/kg, i.p.). The level of anesthesia was evaluated by applying pressure to
the right hind paw or tail and/or testing for corneal reflexes. Supplemental doses of sodium
pentobarbital were administered as needed. At the completion of the experiment, mice were
euthanized by an overdose of sodium pentobarbital.

Once adequately anesthetized, the hair around the left hind leg was removed and an incision
was made in the skin over the gastrocnemius muscle, which was dissected and removed to
access the tibial nerve. The skin was then sutured to a stainless steel ring (1.3 cm inner
diameter) to form a pool that was filled with mineral oil. Dental impression material (COE-
FLEX, GC America) was applied to the skin and around the ring to prevent oil from leaking
out of the pool during the experiment and to stabilize the hind paw.

After the impression material had cured (~10 min), the nerve was gently dissected from
surrounding tissue and placed on a small mirror platform in order to perform fine dissection
of nerve fibers. The epineurium was removed allowing small bundles of fibers to be cut
proximally, teased into fine filaments using fine forceps, and placed on a silver wire
recording electrode. Action potentials from individual fibers were amplified,
audiomonitored, and visualized on an oscilloscope and PC using Spike 2.0 software (CED,
Cambridge, UK). Nociceptors were initially identified by mild pinching and/or applying
pressure to the glabrous skin of the hind paw. Von Frey monofilaments were used to identify
the precise location of the receptive field, which was marked on the skin with a felt-tip pen.
C-fiber nociceptors with ongoing spontaneous discharge were preferentially studied in
tumor-bearing mice.

Conduction velocity (CV) was determined for each fiber. The fiber was electrically
stimulated by inserting two fine pin electrodes under the skin outside the receptive field.
Beginning with a voltage below threshold, electrical pulses (200 μs) were delivered every 2
s until the response threshold was reached, and the conduction velocity was calculated using
a stimulus of 1.5 times the threshold value. The CV for each fiber was determined by
dividing the conduction distance (distance from RF to recording electrode in mm) by the
latency to the action potential. Fibers with CV of 1.3 m/s or less were classified as C-fibers.

2.5 Electrophysiological responses of nociceptors
Once a C-fiber nociceptor was isolated, the rate of SPONTANEOUS ACTIVITY was
determined for a period of two minutes before any testing and just prior to drug (or vehicle)
administration. Mechanical response thresholds were obtained using a set of calibrated von
Frey monofilaments. The receptive field was stimulated multiple times with a single
filament, and if no response was elicited, the next higher force (or lower force if there was a
response) was applied. Response threshold was defined as the lowest force that elicited a
response on 50% or more of the trials.

Responses evoked by suprathreshold mechanical stimuli were determined using a single
suprathreshold von Frey monofilament that delivered a force of 147 mN. This monofilament
was applied three times, each for a duration of 5 s with an inter-stimulus interval of 60 sec.
The response to the von Frey stimulus was defined as the mean number of evoked action
potentials from the three trials.

A Peltier device (contact area 1 cm2) was used to deliver heat stimuli to the skin. Beginning
at a base temperature of 32°C, stimuli of 34°C to 50°C were delivered in ascending order of
2°C. Each stimulu’s was applied for 5 s, and a 60 s interstimulus interaval was utilized. The
temperature at which the fiber first responded was considered the heat threshold.
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Nociceptors that did not respond to any heat stimuli were classified as C-
mechanonociceptors (CM) while those that responded to heat were classified as C-
mechanoheat nociceptors (CMH). We were unable to apply heat to some fibers due to the
location of the receptive field.

2.6 Drug preparation and administration
The non-selective cannabinoid receptor agonist, (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmeth anone
mesylate (WIN 55,212-2), the CB1 receptor antagonist 1-(2,4-Dichlorophenyl)-5-(4-
iodophenyl)-4-methyl-N-4-morpholinyl-1H-pyrazole-3-carboxamide (AM281), and the CB2
receptor antagonist 6-Iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-
methoxyphenyl)methanone (AM 630) were purchased from Tocris Bioscience (Ellisville,
MO). A 100 mM stock solution of WIN 55,212-2 was prepared in a vehicle of 90% saline,
5% DMSO, and 5% Tween 80, and 25 mM stock solutions of AM281 and AM630 were
prepared using the same vehicle solution. Drugs were diluted to the appropriate
concentration in sterile physiological saline prior to injection. WIN 55,212-2 was
administered at a dose of 10 μg (in 10 μl) and the antagonists were administered at a dose of
1 μg in the same volume. All injections were made using a 0.3 ml syringe with a 28 g
needle. Care was taken to insert the needle outside the receptive field to avoid damaging the
receptive field.

2.7 Experimental design
Following baseline measures of spontaneous activity, mechanical response threshold, and
responses to the suprathreshold von Frey monofilament, WIN 55,212-2 or vehicle alone was
injected into the receptive field. To determine the contributions of CB1 and CB2 receptors to
the effects of WIN 55,212-2, the CB1 and CB2 receptor antagonists, AM281 and AM630,
respectively, were administered 5 min prior to injection of WIN 55,212-2. In addition, some
nociceptors (n=6) were given an injection of vehicle alone 5 min prior to the injection of
WIN 55,212-2 to ensure that the initial injection did not alter the effect of the agonist.
Spontaneous activity, mechanical response threshold, and responses to suprathreshold
mechanical stimulation were determined before and at 15, 30, 45 and 60 min after injection
of WIN 55,212-2 or vehicle.

2.8 Data analyses
In behavioral studies, the frequency of withdrawal evoked by the 3.9 mN von Frey
monofilament was expressed as the percentage of positive responses out of 10 trials for both
the left (tumor-bearing) and right (normal) hind paws. A two-way analysis of variance
(ANOVA) with repeated measures was used to compare the difference between hind paws
before and after fibrosarcoma cell implantation. Fisher’s LSD post-hoc tests were used to
determine differences between the groups at specific time points.

Several characteristics of C-fiber nociceptors isolated from both tumor-bearing and naïve
control mice were compared. The proportion of different fiber types (i.e., CM vs. CMH) was
assessed using a Chi-square analysis. The Mann-Whitney U test was used to assess the
difference in the median levels of spontaneous discharge of nociceptors between groups due
to the variable rate of spontaneous activity among C-fiber nociceptors from tumor-bearing
mice and the lack of spontaneous activity in most C-fiber nociceptors from control mice.
Response thresholds (mN) of C-fibers were compared between tumor-bearing and control
mice using Chi-square analysis of the frequency distribution of forces, since the forces
produced by the von Frey monofilaments are not linear increments in force and there was
much greater variability among response thresholds for tumor-bearing mice. Comparisons in
the mean number of impulses evoked by the suprathreshold von Frey monofilament between
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tumor-bearing and control mice were made using an independent t-test. Evoked responses of
each fiber were determined by subtracting the number of spontaneous impulses during the 5
sec immediately preceding each stimulus from the number of impulses evoked during the
stimulus.

In order to confirm that the use of multiple injections did not alter the effect of the agonist,
spontaneous activity of C-fiber nociceptors and responses evoked by mechanical stimuli
were compared following injection with WIN 55,212-2 alone or at 5 min following a vehicle
injection. Two-way ANOVAs with repeated measures were used to evaluate the rate of
ongoing spontaneous activity and responses evoked by the suprathrehold von Frey
monofilament. The Kruskall-Wallis one-way ANOVA for ranks was used to determine
differences between groups in mechanical response threshold. For C-fiber nociceptors that
received two injections, the mean rate of spontaneous activity immediately before the
vehicle injection was compared to the mean rate of spontaneous activity immediately prior
to the injection of WIN 55,212-2 using a dependent t-test.

To determine the effects of vehicle, WIN 55,212-2, or WIN 55,212-2 in combination with
AM281 or AM630 on spontaneous activity of C-fiber nociceptors and the number of
impulses evoked by the suprathreshold von Frey monofilament in tumor-bearing mice, two-
way ANOVA with repeated measures were used. Where indicated, post-hoc evaluations
(Fisher’s LSD) were performed to determine differences between the groups at specific time
points. The Kruskall-Wallis one-way ANOVA for ranked data was used to determine
differences in mechanical response thresholds of C-fiber nociceptors among the groups at
each time point.

All data are expressed as mean ± SEM or median ± interquartile range (IQR).

3. Results
3.1 Development of mechanical hyperalgesia in tumor-bearing mice

A total of 57 mice developed mechanical hyperalgesia. There was a significant difference in
withdrawal response frequency between tumor-bearing and control hind paws (F1,56 =
1317.30, p<.001) and over time (F5,280 = 127.83, p<.001) and a significant interaction
between paw and time (F5,280 = 134.80, p<.001). While there were no differences between
paws in the frequency of withdrawal prior to cancer cell implantation (baseline), response
frequencies for the tumor-bearing paw became greater starting on PID 4, continued to
increase through PID 11, and remained elevated prior to the electrophysiology experiment.
Withdrawal response frequencies for the tumor-bearing paw approached 70% by PID 8 and
typically exceeded 80% at later times (see Figure 1).

3.2 General characteristics of C-fiber nociceptors in control and tumor-bearing mice
A total of 34 C-fiber nociceptors were studied in 20 control mice and 70 C-fiber nociceptors
were studied in 57 tumor-bearing mice. Of all nociceptors studied, 61 (58.7%) were
classified CM, 16 (15.4%) as CMH, and 27 (26.0%) were unable to be tested for heat
sensitivity. There was no difference in the proportion of CM and CMH fibers present
between the two groups (X² = 0.51, n.s.). General characteristics of C-fibers for both tumor-
bearing and control mice, including conduction velocity, rates of spontaneous activity, and
responses to mechanical stimuli are presented in Table 1. Conduction velocities of C-fiber
nociceptors in tumor-bearing mice did not differ from those in control mice. There were
clear differences in spontaneous activity between tumor-bearing and control mice. Nearly all
(97.1%) C-fiber nociceptors studied in tumor-bearing mice exhibited ongoing, spontaneous
activity whereas only 8.8% of C-fiber nociceptors in control mice exhibited spontaneous
activity. In addition, the median rate of spontaneous activity in C-fiber nociceptors isolated
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from tumor-bearing mice was higher than that of control mice (Mann-Whitney U = 110.50,
n1 = 34, n2 = 70, p<.001). The median mechanical response threshold of C-fiber nociceptors
in tumor-bearing mice tended to be higher than the median response threshold in control
mice; however, there were no differences in the distribution of threshold values between the
two groups (X² = 0.66, n.s.). There was greater variability in response thresholds among C-
fiber nociceptors isolated in tumor-bearing mice, and this may have contributed to the
difference in median values. There was not a difference between the two groups in responses
evoked by suprathreshold mechanical stimuli (t88 = 1.27, n.s.).

A total of 16 C-fiber nociceptors (12 from tumor-bearing mice and 4 from control mice)
were found to be sensitive to heat stimuli. The mean heat thresholds for tumor-bearing (40.8
± 0.8°C) and control mice (43.0 ± 1.0°C) were comparable to those found in our earlier
study (Cain et al., 2001), with heat thresholds from C-fiber nociceptors in tumor-bearing
mice tending to be lower than those in control mice.

Spontaneous activity of C-fiber nociceptors and responses evoked by mechanical stimuli
were compared following injection with WIN 55,212-2 alone (n = 12) or 5 min following a
vehicle injection (n = 6) to confirm that the use of multiple injections did not alter the effect
of the agonist. A prior injection of vehicle did not change the effects of a subsequent
injection of WIN 55,212-2. There were no differences between the groups in the effect of
WIN 55,212-2 on spontaneous activity (F1,16 = .63, n.s.), mechanical response thresholds
(all Kruskall-Wallis[3[ <10, n.s.), or the number of impulses evoked by the suprathreshold
von Frey monofilament (F1,23 = .50, n.s). In addition, there were no differences in the mean
rate of spontaneous activity prior to the injection of vehicle (.43 ± .09 Hz) and just prior to
the subsequent injection of WIN 55,212-2 (.39 ± .12 Hz; t4 = 1.03, n.s.). Therefore, data for
these groups were combined for the remaining analyses.

3.3 WIN 55,212-2 reduced spontaneous discharge in C-fiber nociceptors
To assess the effect of vehicle or WIN 55,212-2 on spontaneous activity, we used only C-
fiber nociceptors that had an ongoing discharge rate of at least 0.05 Hz. Forty-three fibers
met this criterion, and the mean rate of spontaneous activity for these fibers before any
injection was 0.38 ±.05 Hz.

The rate of spontaneous activity of C-fiber nociceptors differed among the four drug
treatment groups (F3,39 = 4.88, p<.01), but the rate of spontaneous activity did not change
over time (F4,156 = 1.51, n.s.). Injection of WIN 55, 212-2 (n = 18) reduced the rate of
spontaneous activity (Figure 2). The rate of spontaneous activity in C-fiber nociceptors
injected with WIN 55,212-2 differed from the vehicle-treated group at all time points after
injection. Treatment with vehicle (n = 10) did not alter the rate of spontaneous activity at
any time point. In addition, treatment with either AM281 (n = 6) or AM630 (n = 9) blocked
the inhibitory effect of WIN 55,212-2 on spontaneous activity, and the mean rates of
spontaneous activity of C-fiber nociceptors for these groups were higher than those treated
with WIN 55,212-2 alone at 45 and/or 60 min after injection. Both antagonists had a similar
effect in blocking the inhibitory effect of WIN 55,212-2 on the rate of spontaneous activity.

3.4 Effects of WIN 55,212-2 on mechanical sensitivity of C-fiber nociceptors
The effect of WIN 55,212-2 on mechanical sensitivity was studied in 56 C-fiber nociceptors.
No differences in response thresholds were found among the groups before injection or at
any time after injection (data not shown). The median threshold values for each group before
injection were 19.6 ± 29.4 mN (vehicle; n = 15), 39.6 ± 29.4 mN (WIN 55,2122; n = 24),
19.6 ± 25.5 mN (WIN 55,212 + AM281; n = 7) and 39.2 ± 60.3 mN (WIN 55,212-2 +
AM630; n = 10).
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As shown in Figure 3, administration of WIN 55,212-2 decreased the number of impulses
evoked by the suprathreshold von Frey monofilament (F1,52 = 3.19, p<.05). There were
significant differences in the number of impulses evoked over time (F4,208 = 2.56, p<.05), as
well as a significant drug by time interaction (F4,208 = 4.78, p<.001). Treatment with WIN
55,212-2 (n = 25) reduced the number of impulses evoked by the von Frey monofilament at
all time points after injection as compared to baseline (pre-injection) values. Treatment with
vehicle (n = 14) or WIN 55,212-2 in combination with AM281 (n = 7) or AM630 (n = 10)
did not result in any changes in the evoked number of impulses at any time. The number of
impulses evoked by the suprathreshold von Frey monofilament following administration of
vehicle alone or the antagonists combined with WIN 55,212-2 was higher than those evoked
following WIN 55,212-2 alone for up to 60 min after injection. Thus, AM 281 and AM630
blocked the decrease in the evoked response to suprathreshold mechanical stimuli produced
by the administration of WIN 55,212-2, indicating that the effect of WIN 55,212-2 occurred
through both CB1 and CB2 receptors.

4. Discussion
Activation of cannabinoid receptors in the periphery has been shown to attenuate
hyperalgesia associated with bone cancer pain and other chronic pain conditions (Hald et al.,
2008; Saghafi et al., 2011; Walker & Huang, 2002; Rice et al., 2002). Using a murine model
of cancer pain in which fibrosarcoma cells are implanted into and around the calcaneous
bone of one hind paw, we have shown that local administration of synthetic or endogenous
cannabinoids or increasing the availability of endogenous cannabinoids by inhibiting their
hydrolysis attenuated tumor-evoked mechanical hyperalgesia (Khasabova et al., 2008, 2011;
Potenzieri et al., 2008). In order to evaluate the underlying mechanisms associated with the
antihyperalgesic properties of cannabinoids in this model, we examined the effects of the
synthetic cannabinoid receptor agonist WIN 55,2122 on response properties of C-fiber
nociceptors. In earlier studies we demonstrated that C-, but not Aδ-nociceptors, located in
skin overlying tumor growth developed spontaneous activity and increased responses to heat
and cold stimuli (Cain et al., 2001). Here we show that WIN 55,212-2 decreased
spontaneous activity and mechanicallyievoked responses of C-fiber nociceptors, and this
occurred through both CB1 and CB2 receptors. Modulation of C-fiber activity by CB1 and
CB2 receptors is consistent with our earlier behavioral studies following peripheral
administration of synthetic and endogenous cannabinoids (Khasabova et al., 2008, 2011;
Potenzieri et al., 2008).

In our earlier electrophysiological studies, mechanical response thresholds of C-fiber
nociceptors in tumor-bearing mice were not lower than those of C-fiber nociceptors in
control mice (Cain et al., 2001). However, it could be that responses to suprathreshold
mechanical stimuli of spontaneously active C-fiber nociceptors were elevated and thereby
contributed to mechanical hyperalgesia. In the present study we examined evoked responses
of C-fiber nociceptors in mice with tumor-evoked mechanical hyperalgesia and found that
C-fiber nociceptors were not sensitized to mechanical stimuli. Although we cannot rule out
the possibility that mechanically-insensitive nociceptors developed mechanical sensitivity as
a result of tumor growth, our data suggest that mechanical hyperalgesia in this model of
cancer pain may result from central sensitization. Indeed, we have shown that wide dynamic
range neurons in the dorsal horn of the spinal cord exhibited enhanced responses to
mechanical stimuli (Khasabov et al., 2007). Attenuation of tumor-evoked mechanical
hyperalgesia by peripheral administration of WIN 55,212-2 appears to be mediated by
reduced spontaneous activity in C-fiber nociceptors which may decrease the C-fiber drive to
maintain the sensitization of nociceptive dorsal horn neurons, and by a decrease in responses
of C-fibers evoked by mechanical stimuli. Endogenous cannabinoids activating CB1
receptors on nociceptors may modulate the responsiveness of these nociceptors to
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mechanical and thermal stimuli under normal conditions. Genetic deletion of CB1 receptors
on nociceptors lowered response thresholds of nociceptors and increased inflammatory pain
(Agarwal et al., 2007), and intraplantar administration of a CB1 receptor antagonist in naïve
mice produced mechanical hyperalgesia (Khasabova et al., 2008). Changes in expression or
sensitivity of CB1 or CB2 receptors associated with tumor growth (see below) may have
prevented the sensitization of nociceptors to mechanical stimuli in tumor-bearing mice.

There are several potential mechanisms by which activation of CB1 and CB2 receptors
following WIN 55,212-2 reduced responses of C-fiber nociceptors. One possibility is that
increased expression and function of cannabinoid receptors on C-fiber nociceptors and
dorsal root ganglion (DRG) neurons makes these nociceptors more responsive to peripheral
administration of WIN 55,212-2. CB1 receptors are located on primary afferent neurons
(Hohmann and Herkenham, 1999; Ahluwalia et al., 2000, 2002; Salio et al., 2002; Bridges et
al., 2003; Price et al., 2003; Agarwal et al., 2007) and CB1 protein expression was increased
in DRG ipsilateral to the tumor-bearing paw and in DRG neurons that were co-cultured with
the fibrosarcoma cells (Khasabova et al., 2008). Increased expression of CB1 receptor
protein in DRG was also found in a mouse model of skin cancer (Guerrero et al., 2008).
Activation of CB1 receptors on DRG neurons inhibited Na+ and Ca2+ channels (Khasabova
et al., 2002, 2004; Kim et al., 2005; Vasquez and Lewis, 1999) and this may have
contributed the decrease in spontaneous activity and responses to mechanical stimuli in C-
fiber nociceptors observed in the present study.

We found that CB2 receptors also contributed to the inhibitory effects of WIN 55,212-2 on
nociceptor activity, which is consistent with our behavioral studies (Potenzieri et al., 2008).
Like CB1 receptors, peripheral CB2 receptors have been shown to play a role in
cannabinoid-evoked antihyperalgesia in models of inflammatory (Guindon et al., 2007) and
neuropathic pain (Desroches et al., 2008), and activation of CB2 receptors during
inflammation reduced C-fiber evoked activity of nociceptive neurons in the spinal cord
(Nackley et al., 2004). In the skin, CB2 receptors are associated with keratinocytes
(Casanova et al., 2003; Ibrahim et al., 2005) and immune cells (Munro et al., 1993; Klein et
al., 2003). In the model of cancer pain used in the present studies, the expression of CB2
receptors and the endogenous cannabinoid 2-arachidonoyl glycerol was increased in the skin
of the tumor-bearing hind paw (Khasabova et al., 2011). It is therefore likely that CB2
receptor activation attenuated evoked responses of C-fiber nociceptors and reduced tumor-
evoked hyperalgesia by inhibiting the release of substances from keratinocytes and immune
cells that excite and sensitize nociceptors. For example, endothelin-1 is released from
keratinocytes (Yohn et al., 1993) and we showed in our earlier studies that this peptide
contributed to spontaneous activity and sensitization of C-fiber nociceptors to heat following
tumor growth via ETA receptors (Hamamoto et al., 2008).

There are additional mechanisms by which WIN 55, 212-2 decreased nociceptor activity in
the present study. One possibility, for example, is through modulation of purinergic
signaling which has been implicated in contributing to cancer pain (see review, Falk et al.,
2012). Adenosine triphosphate (ATP) has been found in high concentrations in tumor cells
(Maehara et al., 1987), and its release following cell damage may excite nociceptors
(Burnstock, 1996). Cannabinoids were shown to decrease ATP-evoked currents in nodose,
dorsal root and trigeminal ganglion neurons via CB1 receptors (Krishtal et al., 2006; Shen et
al., 2007). Importantly, tumor growth increased the expression of P2X3 receptors on
epidermal nerves in plantar skin overlying the tumor (Gilchrist et al., 2005) and in DRG
(Wu et al., 2012), and blockade of P2X3 receptors reduced hyperalgesia in a model of bone
cancer pain (Kaan et al., 2010). Consistent with results of the present study and with the
notion that WIN 55, 2112-2 may have attenuated responses of C-fiber nociceptors by
interfering with purinergic signaling, cannabinoids were shown to decrease mechanically-
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evoked activity of urinary bladder afferent fibers and it was suggested that this occurred
through an interaction of CB1 and P2X3 receptors (Walczak et al., 2009).

Cannabinoids have also been shown to modulate transient receptor potential (TRP)
channels, including TRP ankyrin 1 (TRPA1) and TRP vanilloid 1 (TRPV1) (De Petrocellis
et al., 2011), which are important transducers of noxious stimuli in nociceptors (see reviews,
Basbaum et al., 2009; Stucky et al., 2009). For example, cannabinoids inhibited TRPV1-
mediated currents in sensory neurons (Akopian et al., 2008; Sántha et al., 2010; Patwardhan
et al., 2006). Importantly, mRNA for the TRPV1 channel was increased in the DRG in this
(Khasabova et al., 2007) and other models (Miiyama et al., 2007) of cancer pain, and
hyperalgesia associated with tumor growth was decreased by TRPV1 antagonists (Ghilardi
et al., 2995; Menendez et al., 2006; Shinoda et al., 2008). Collectively, these studies
highlight the importance of these channels in cancer-evoked hyperalgesia and suggest that
desensitization of TRP channels by cannabinoids represents a downstream pathway by
which cannabinoids can decrease responses of nociceptors to reduce cancer pain.

Based on the antihyperalgisic properties of cannabinoid agonists and compounds that
enhance endogenous cannabinoid activity in animal models of persistent pain, there is
increasing interest in exploiting the cannabinoid system for pain management. Clinical
studies have provided some support for the use of cannabinoids for analgesia in humans.
Cannabinoid agonists attenuated post-operative (Raft et al., 1977) and neuropathic pain
(Nurmikko et al., 2007) and enhanced the analgesic efficacy of opioids (Yesilyurt et al.,
2003). Two small clinical studies of the efficacy of delta-9-tetrohydrocannabinol for the
treatment of advanced cancer pain found that patients reported pain relief comparable to
codeine (Noyes et al., 1975a, b; 1976). Unfortunately, higher doses produced sedation and
other side effects such as dizziness, drowsiness, blurred vision and impaired cognitive
functioning that would limit the usefulness of systemic cannabinoids for long term therapy.
Restricting cannabinoids to the periphery would minimize unwanted side effects, and the
contribution of peripheral CB1 and CB2 receptors to antihyperalgesia may offer unique
opportunities for managing pain that is difficult to treat, such as cancer pain. We have
shown, for example, that simultaneous activation of peripheral CB1 and CB2 receptors had a
synergistic effect in reducing tumor-evoked hyperalgesia (Khasabova et al., 2011). These
results provide additional rationale for targeting both CB1 and CB2 receptors in the
periphery for the management of cancer pain and perhaps for other persistent pain states as
well.
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• Tumor growth in mouse hind paw produced ongoing activity in C-fiber
nociceptors.

• The cannabinoid receptor agonist, WIN 55,212-2, reduced C-fiber activity.

• Effects of WIN 55,212-2 were reduced by CB1 or CB2 receptor antagonists.

• Further evidence that peripheral CB receptors may be targets to treat cancer
pain.
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Figure 1.
Changes in the frequency of paw withdrawal to mechanical stimulation following
implantation of cancer cells into the left hind paw. Tumor development was accompanied by
an increase in the frequency of paw withdrawals to application of the von Frey
monofilament (3.9 mN bending force) to the plantar surface of the hind paw, while no
changes occurred in response rates of the normal, right hind paw. The pre-surgery time point
refers to the time just prior to the electrophysiology experiment. Data are expressed as mean
± SEM. *** p<.001 vs. Baseline, ###p<.001 vs. left paw

Uhelski et al. Page 17

Neuroscience. Author manuscript; available in PMC 2014 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of WIN 55,212-2 on the rate of spontaneous discharge of C-fiber nociceptors. (A)
Representative examples of spontaneous discharge from separate nociceptors in tumor-
bearing mice before (pre-injection) and at 15, 30, 45 and 60 min after intraplantar
administration of vehicle, WIN 55,212-2, WIN 55,212-2 + AM281, and WIN 55,212-2 +
AM630.(B) Mean (±SEM) rates of spontaneous activity in tumor-bearing mice before and at
15, 30, 45 and 60 min after intraplantar administration of vehicle, WIN 55,212-2, WIN
55,212-2 + AM281, and WIN 55,212-2 + AM630. Vehicle treatment did not alter the rate of
spontaneous activity whereas treatment with WIN 55,212-2 produced a significant decrease
in spontaneous activity throughout the post-injection testing period. Administration of
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AM281 or AM630 prevented the decrease in spontaneous activity produced by WIN
55,212-2. * p<.05, ** p≤.01, *** p≤.001 vs. WIN 55,212-2; ## p<.01, ### p≤.001 vs. pre-
injection value.
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Figure 3.
Effect of WIN 55,212-2 on responses of C-fiber nociceptors evoked by suprathreshold
mechanical stimulation. (A) Representative examples of nociceptor responses evoked by
147 mN before (pre-injection) and at 15, 30, 45 and 60 min after intraplantar administration
of vehicle, WIN 55,212-2, WIN 55,212-2 + AM281, and WIN 55,212-2 + AM630. The time
of application of the stimulus is shown at the bottom of each column. (B) Mean (±SEM)
number of evoked impulses before and at 15, 30, 45 and 60 min after intraplantar
administration of vehicle, WIN 55,212-2, WIN 55,212-2 + AM281, and WIN 55,212-2 +
AM630. Evoked responses were not changed following injection of vehicle but decreased
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following WIN 55,212-2. This was blocked by pretreatment with AM281 or AM630. * p<.
05, ** p≤.01, *** p<.001 vs. WIN 55,212-2; ### p<.001 vs. pre-injection value.
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Table 1

Characteristics of C-fiber nociceptors isolated in tumor-bearing vs. control mice.

Tumor Control

CV (m/s)

 Mean ± SEM 0.36 ± 0.04 0.34 ± .03

 Min 0.12 0.13

 Max 1.30 1.00

SA1 (Hz)

 Fibers with SA 68 (97.1%) 3 (8.8%)

 Median rate ±IQR 0.28 ± 0.34 0.00 ± .00

 Min 0.00 0.00

 Max 1.62 0.24

Threshold (mN)

 Median ±IQR 39.2 ± 25.5 13.7 ± 9.8

Suprathreshold2

 Mean ± SEM 29.4 ± 2.7 36.0 ± 3.1

1
SA: Spontaneous Activity

2
Number of impulses/stimulus
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