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Figure 4. Effects of anandamide on |-V curves of sodium currents in oocytes expressing Na,1.2 (A), Na,1.6 (B), Na,1.7 (C), and Na,1.8 (D) «
subunits with 3, subunits. Currents were elicited by using 50-millisecond depolarizing steps between -80 and 60 mV in 10 mV increments
from a V.., holding potential (left panel) and elicited by using 50-millisecond depolarizing steps between —60 and 60 mV in 10 mV increments
from a V,,, holding potential (right panel); anandamide (30 umol/L) was applied for 5 minutes; upper panel, representative |y, traces from
oocytes expressing Na,1.2, Na,1.6, Na,1.7, and Na,1.8 with 3, subunits in both the absence and presence of 30 pmol/L anandamide; lower
panel, effects of anandamide on representative IV curves elicited from V., holding potential (left panel) and V, , holding potential (right panel)
(closed circles, control; open circles, anandamide). Peak currents were normalized to the maximal currents observed from =20 to +10 mV.

Data are represented as the mean £ SEM (n = 5-8).

activation and exhibit use-dependent block.3% Our results
show that anandamide shows a negative shift in the voltage
dependence of inactivation and use-dependent block except
for Na,1.8 that are seen with other sodium channel blockers
yet also shifts the steady-state activation in a depolarizing
direction, suggesting that it may have different binding sites
or allosteric conformational mechanisms for these sodium
channel antagonists. Moreover, a resting-channel block, not
an open-channel block, for Na,1.8 may be a key for explor-
ing the mechanism of sodium channel inhibition by anan-
damide in detail.

Several groups have evaluated antinociception by exog-
enous anandamide via CB; receptors.™*° Indeed, a recent
review has shown that activation of both CB, and CB, recep-
tors reduces nociceptive processing in acute and chronic
animal models of pain.®® Alternatively, other investigators
have suggested that anandamide produces antinocicep-
tion through a CB;-independent mechanism. For example,
anandamide antinociception is not blocked by pretreat-
ment with the selective CB, antagonist SR141716A.*! Rapid
metabolism of anandamide to arachidonic acid has been
shown to be one of the reasons for the failure of SR141716A
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to antagonize the effects of anandamide; in experiments, the
ability of SR141716A to reverse anandamide antinocicep-
tion was improved (but not completely) when anandamide
metabolism to arachidonic acid was inhibited with coadmin-
istration of an amidase inhibitor, phenylmethylsulfonyl flu-
oride.2 That study also demonstrated that cyclooxygenase
did not alter the effects of anandamide, whereas it blocked
the effects of arachidonic acid, suggesting a pain-inhibitory
effect of anandamide by noncannabinoid mechanisms.
Another recent study suggested that anandamide induced
antinociception by stimulating endogenous norepinephrine
release that activated peripheral adrenoceptors inducing
antinociception, although whether the effect was caused
through cannabinoid receptors remains unknown.®

This study indicates that sodium channel inhibition by
anandamide is independent of signaling through cannabinoid
receptors, because in recombinant experiments such as our
present examination, the effects on channels or receptors can
be excluded except for that expressed in membranes. Previous
reports also indicate a direct effect of anandamide on sodium
channels by demonstrating that sodium channel-related
activities by anandamide in the brain may be independent of
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Figure 5. Effects of anandamide on channel activation in oocytes expressing Na,1.2 (A), Na,1.6 (B), Na,1.7 (C), and Na,1.8 (D) a subunits
with 3; subunits from V,,, holding potential (left panels) or V,,, holding potential (right panels). Closed circles represent control; open circles
indicate the effect of anandamide. Data are expressed as the mean = SEM (n = 5-8). Activation curves were fitted to the Boltzmann equation;

Vi, is shown in Table 1.

Table 1. Effects of Anandamide on Activation and Inactivation in Oocytes Expressing Na 1.2, Na,1.6,

Na,1.7, and Na,1.8 a Subunits with 3, Subunits

Holding V., Holding V, ,
Control Anandamide Shift Control Anandamide Shift

Activation

Na,1.2 -32.7+£0.3 ~-30.8+0.7* . +1.9 -23.6+ 0.6 -20.4 £ 0.6** +3.2

Na,1.6 =326 0.3 -30.5+0.7% +2.1 -23.8+£0.5 —20.0 £ 0.6** +3.8

Na,1.7 -23.4+£0.4 -21.0+ 0.8% +2.4 -17.3+£0.7 =15.0 + Q.7* +2.3

Na,1.8 2. (0D 4.8+ 0.8% +2.6 3.3%1.0 84+1.1% +3.3
Inactivation

Na,1.2 -51.4+0.7 =56.6% 0:8X* -5.2

Na,1.6 -53.5+£0.8 -58.5 + 1.0** -5.0

Na, 1.7 -64.3+£0.7 -68.4 + 0.6** -4.1

Na,1.8 -50.7+1.4 ~-57.0 £ 1.9* -6.3
*P < 0.05.

**P < 0.01, compared with control (paired t test) (mean £ SEM; n = 5-7).

the presence of AM 251 (a CB, antagonist),® AM 251, AM 630
(a CB, antagonist) and capsazepine (a vanilloid receptor type
1 antagonist) do not interfere with anandamide suppression
of sodium currents in DRG.* Therefore, we believe that the
effects of anandamide on Na,1.2, Na,1.6, Na,1.7, and Na,1.8
o subunits are direct. Taken together, to the best of our knowl-
edge, thisis the first direct evidence to demonstrate the inhibi-
tory effects and its mechanisms on neuronal sodium channel
o subunits in recombinant experiment systems.

Several sodium channel o subunits are believed to be
involved in the pathogenesis of inflammatory and neuro-
pathic pain. Mutations in Na, 1.7 have been linked to inher-
ited pain syndromes, including inherited erythromelalgia,
that is characterized by episodes of burning pain, ery-
thema, mild swelling in the hands and feet,* and paroxys-
mal extreme pain disorder (PEPD), which is characterized
by severe rectal, ocular, and mandibular pain.** Recently,
anandamide has been reported to inhibit resurgent current

March 2014 e Volume 118 ® Number 3

of wild-type Na,1.7 and the PEPD mutants expressed in
transfected human embryonic kidney 293 cells, and this
inhibition was suggested as a therapeutic target for PEPD
patients.* Na,1.8 has demonstrated its ability to carry most
current underlying the upstroke of the action potential in
nociceptive neurons, and the use of Na,1.8 knockdown
rats after antisense oligodeoxynucleotide treatment has
demonstrated a role for Na,1.8 in inflammatory pain,*
whereas Na,1.8 expression has been reported to increase
in nerves proximal to injury sites in patients with chronic
neuropathic pain.* In an infraorbital nerve injury model of
rats, the level of Na, 1.6 protein was significantly increased
proximal to the lesion site, suggesting a role of Na,1.6 in
neuropathic pain conditions.’®® However, these o subunits
highly expressed in normal DRG have been reported to
show diverse expression in DRG of inflammatory and neu-
ropathic pain models. Na,1.7 mRNA and protein increased
in DRG after peripheral inflammation induced by

www.anesthesia-analgesia.org 559
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_ Figure 6. Effects of anandamide on inactivation curves in oocytes
expressing Na,1.2 (A), Na,1.6 (B), Na,1.7 (C), and Na,1.8 (D) a sub-
units with B, subunits. Currents were elicited by a 50-millisecond
test pulse to ~20 mV for Na,1.2 and Na,1.6 or —10 mV for Na,1.7 or
+10 mV for Na,1.8 after 200-millisecond (500-millisecond for only
Na,1.8) prepulses ranging from =140 mV to O mV in 10 mV incre-
ments from a holding potential of V., anandamide (30 pmol/L)
was applied for 5 minutes; right panel, representative Iy, traces in
both the absence and presence of anandamide; left panel, effects
of anandamide on inactivation curves (closed circles, control; open
circles, anandamide). Steady-state inactivation curves were fitted to
the Boltzmann equation, and the V,,, values are shown in Table 1.
Data are expressed as the mean + SEM (n = 6-8).

carrageenan,’*? whereas Na,1.7 protein decreased in the
injured DRG after spared nerve injury in animals.”® Na,1.8
mRNA and protein increased in DRG neurons of rodents
after injection of carrageenan into a hindpaw,* and yet
peripheral nerve injury down-regulates Na,1.8 mRNA and
protein expression in the injured DRG.?%35 Based on this
evidence, suppression of sensory neuron sodium channel
function by anandamide may be an important mechanism
independent of the cannabinoid receptor. Because of the
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Figure 7. Use-dependent block of sodium channel on Na/1.2,
Na,1.6, Na,1.7, and Na,1.8 a subunits with 3, subunits of anan-

" damide. Currents were elicited at 10 Hz by a 20-millisecond depolar-

izing pulse of =20 mV for Na,1.2 and Na,1.6, or =10 mV for Na,1.7,
or +10 mV for Na,1.8 from a V,,, holding potential in both the
absence and presence of 30 umol/L anandamide; anandamide was
applied for 5 minutes. Peak currents were measured and normalized
to the first pulse and plotted against the pulse number (A, Na,1.2;
B, Na,1.6; C, Na,1.7; D, Na,1.8). Closed circles represent control;
open circles indicate the effect of anandamide. Data were fitted to
the monoexponential equation, and values for fractional block of the
plateau of normalized Iy, are shown in (E). Data are expressed as
the mean + SEM (n = 5-6). *P < 0.05 and **P < 0.01, compared
with the control (paired t test).

limitations of our experiments, further investigation is war-
ranted to extrapolate our findings into clinical practice.

In conclusion, anandamide at pharmacologically relevant
concentrations inhibited sodium currents of Na,1.2, Na,1.6,
Na,1.7, and Na,1.8 o subunits expressed in the Xernopus
oocytes with differences in the effects on sodium channel
gating. These results provide a better understanding of the
mechanisms underlying the analgesic effects of anandamide,
but further studies are needed to clarify the relevance of
sodium channel inhibition by anandamide to analgesia. £%
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Abstract

Bone cancer pain is the most severe among cancer pain and is often resistant to current analgesics. Thus, the development
of novel analgesics effective at treating bone cancer pain are desired. Platelet-activating factor (PAF) receptor antagonists
were recently demonstrated to have effective pain relieving effects on neuropathic pain in several animal models. The
present study examined the pain relieving effect of PAF receptor antagonists on bone cancer pain using the femur bone
cancer (FBC) model in mice. Animals were injected with osteolytic NCTC2472 cells into the tibia, and subsequently the
effects of PAF receptor antagonists on pain behaviors were evaluated. Chemical structurally different type of antagonists,
TCV-309, BN 50739 and WEB 2086 ameliorated the allodynia and improved pain behaviors such as guarding behavior and
limb-use abnormalities in FBC model mice. The pain relieving effects of these antagonists were achieved with low doses and
were long lasting. Blockade of spinal PAF receptors by intrathecal injection of TCV-309 and WEB 2086 or knockdown of the
expression of spinal PAF receptor protein by intrathecal transfer of PAF receptor siRNA also produced a pain relieving effect.
The amount of an inducible PAF synthesis enzyme, lysophosphatidylcholine acyltransferase 2 (LPCAT2) protein significantly
increased in the spinal cord after transplantation of NCTC 2472 tumor cells into mouse tibia. The combination of morphine
with PAF receptor antagonists develops marked enhancement of the analgesic effect against bone cancer pain without
affecting morphine-induced constipation. Repeated administration of TCV-309 suppressed the appearance of pain
behaviors and prolonged survival of FBC mice. The present results suggest that PAF receptor antagonists in combination
with, or without, opioids may represent a new strategy for the treatment of persistent bone cancer pain and improve the
quality of life of patients.
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We have previously suggested that platelet-activating factor
(PAF) may be a mediator of neuropathic pain. PAF injection into
the mouse spinal cord caused thermal hyperalgesia and tactile
allodynia, which were at least in part mediated by spinal
dysfunction of glycine receptor a3 (GlyRa3) and were blocked
by PAF receptor antagonists [4,5]. Subsequent studies showed
PAF receptor blockade reduced pain behaviors elicited in nerve
injury models. A PAF receptor antagonist, CV-3988, injected near
the dorsal root ganglion (DRG) in rats or mice lacking PAF
receptors showed a reduction in tactile allodynia following spinal
nerve injury [6]. Intrathecal injection of the PAF receptor
antagonist, WEB 2086, a benzodiazepine derivative for 9 days

Introduction

Pain in cancer is produced by pressure on, or chemical
stimulation of, specialized pain-signalling nerve endings called
nociceptors (nociceptive pain) or it may be caused by damage or
illness affecting nerve fibers themselves (neuropathic pain) which is
responsive to stimuli that are normally non-painful; allodynia.
Bone cancer pain is one of the most common and usually serious
pain conditions in cancer patients [1].

Opioids remain the mainstay of cancer pain management, but
in addition to the acute side effects the long-term consequences of
tolerance, dependency, hyperalgesia and the suppression of the

hypothalamic/pituitary axis should be acknowledged. Because the
current available treatments are relatively ineffective against bone
cancer pain, almost half of cancer patients have inadequate pain
control [2,3]. Thus, the development of novel analgesics effective
at treating bone cancer pain are required.
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post-surgery in rats suppressed the development of mechanical
allodynia in a rat spared nerve injury model [7]. PAF receptor
antagonists, TCV-309 (PAF related), BN 50739 (natural product
related compound), and WEB 2086, produced profound and long
lasting anti-allodynia effects in several different neuropathic pain
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models in mice, including a partial sciatic nerve ligation injury
model, a partial infraorbital nerve ligation model, a chronic
constriction of the infraorbital nerve injury model (CCI model)
and a streptozotocin (STZ)-induced diabetes model [8]. The
evidence suggests that PAF contributes to neural tissue damage
and pain behavior after nerve injury.

The animal models above investigated pain due to bone cancer,
in which tumor cells are injected locally into the bone. The present
study used the femur bone cancer (FBC) model in mice [9].
Animals were injected with osteolytic NCTC2472 cells, and
subsequently the effects of PAF receptor antagonists on pain
behaviors were evaluated.

Materials and Methods

Experimental Animals

The experiments were performed using male C3H/HeN mice
(CLEA Japan, Inc., Tokyo), weighing 20-25 g. All experimental
procedures and animal handling were performed according to
both the Guiding Principles for the Care and Use of Laboratory
Animals approved by the Japanese Pharmacological Society and
the guidelines of Hiroshima University, Hiroshima, Japan and the
guidelines of National Cancer Center Research Institute, Tokyo,
Japan. The protocol was approved by the committee on the Ethics
of Animal Experiments of the Hiroshima University (Permit
Number: A-09-17 and A-11-16), and of the National Cancer
Center (Permit Number: T11-004-M02). All surgery was per-
formed under sodium pentobarbital anesthesia, and all efforts were
made to minimize suffering. The animals were used for only one
measurement in each experiment.

The Mouse Femur Bone Cancer (FBC) Model

For the FBC model, NCTC 2472 tumor cells (American Type
Cuiture Collection, ATCC; Manassas, VA, USA) were injected
into the medullary cavity of the distal femur of C3H/HeN mice
[9]. The NCTC 2472 cells were maintained in Dulbecco’s
Modified Eagle’s Medium, supplemented with 10% Fetal bovine
serum, 100 unit/ml penicillin, and 100 pg/ml streptomycin (all
products from Gibco Laboratories); and cultured at 37°C in a
humidified atmosphere of 5% COy then passaged weekly
according to ATCC guidelines. For administration, cells were
detached by scraping and then centrifuged at 900 rpm for 3 min.
The pellet was suspended in Hank’s balanced salt solution (HBSS)
and then used for intratibial injection.

For implantation, tumor cells were. injected following the
protocol described previously by Honore et al. [9] with slight
modification. In brief, C3H/HeN mice were anesthetized with a
sodium pentobarbital (60 mg/kg) ip. injected. For intratibial
inoculation of cells, the right knee of each mouse was bent and
placed facing the experimenter and a minimal skin incision was
made exposing the tibial plateau. A 25 gauge dental reamer was
used to perforate the tibial platean and, once removed, a 30 gauge
needle coupled to a Hamilton syringe filled with the cell
suspension was carefully introduced into the medullary cavity of
the tibia. Then, 10° NGTC 2472 cells suspended in 5 pl of HBSS
were slowly injected (living cells). Control groups were injected
with 5 pl of HBSS or HBSS containing 10> NCTC 2472 cells
killed by quickly freezing and thawing them twice without
cryoprotection and then washing with fresh HBSS (deaden cells).
Finally, Caviton EX, a dental-grade hydraulic temporary sealant
(GG Dental Products, Co. Ltd., Tokyo, Japan) was applied to the
tibial plateau incised area and the surgical procedure was
completed with stitching of the knee skin. Body weights were
recorded for each mouse every 3 days throughout the study. The
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animals were euthanized following weight loss greater than 20% of
body weight or upon demonstrating related symptoms such as
serious ataxic movements or other neurological abnormalities due
to ethical concerns.

Drug Administration

Gabapentin (1-(aminomethyl)-cyclohexaneacetic acid) was ob-
tained from Sigma-Aldrich (St. Louis, MO). Morphine was
obtained from Takeda Pharmaceutical Co., (Osaka, Japan).
WEB 2086 (3-[4-(2-chlorophenyl)-9- methyl-6H-thieno[3,2-
A1,2,4]triazolo-[4,3-a][1,4]-diazepin-2-yl]-1-(4-morpholinyl)-1-
propanone) was obtained from Tocris Bioscience (Ellisville, MO).
TCV-309  (3-bromo-5-[N-phenyl-N-[2-[[2-(1,2,3,4-tetrahydro-2-
isoquinolyl- carbonyloxy)ethyl]carbamoyl]ethyl]carbamoyl]-1-
propylpyridinium  nitrate), and BN 50739 (tetrahydro-
4,7,8,10methyl-{chloro-2phenyl)6 [dimethoxy-3,4-  phenylthio]-
methylthiocarbonyl-9 pyrido[4’,3'-4,5]thieno[3,2-f]triazolo-
1,2,4[4,3-a]diazepine-1,4) were donated from Takeda Pharma-
ceutical Co., and Institute Henri Beaufour, respectively.

TCV-309 and WEB 2086 were each dissolved in sterile artificial
cerebrospinal fluid (ACSF) or saline solution. BN 50739 was
dissolved in a solvent containing 25% 2-hydroxypropyl-B-cyclo-
dextrin (Sigma/RBI, Natick, MA) and distilled water, pH adjusted
to ~6 using 1 N NaOH, and diluted appropriately with ACSF or
saline. Other reagents were dissolved in ACSF or saline. The drug
solutions were freshly prepared on each experimental day. ACGSF
composition (in mM) was NaCl 142, KCl 5, CaCl, 2Hy0 2,
MgCly-6H,O 2, NaH,PO, 1.25, D-glucose 10, HEPES 10,
pH 7.4. TCV-309, BN70329, or WEB 2086 was administered
intravenously 30 min-3 hr before pain assessment.

Knockdown of PAF Receptor in the Spinal Cord

Knockdown of PAF receptor was performed according to a
previous report [5]. siRNAs were incorporated into the hemaggln-
tinating virus of the Japan (HV])-Envelope Vector according to the
manufacturer’s instructions. Briefly, after mixing 40 pl(1 assay unit,
AU) of HV]J-Envelope Vector with 4 pl of the enclosing factor, the
mixture was centrifuged (10,000xg, 10 min, 4°C), and the pellet
suspended in 10 pl of buffer solution. Then, 10 pl of a mixture of 3
siRNAs solution (#1, #2 and #3, 1 pg/pl each) was added, and
the mixture was kept on ice for 5 min. Sterile ACSF (10 pl)
containing synthetic siRNA duplexes (0.45 pmole/animal) was
injected into the subarachnoid space between the L5 and L6
vertebrates of conscious mice. The sequences of the siRNA
oligonucleotide (sense) were as follows: PAF receptor (#1, 5'-
CACCUCAGUGAGAAGUUUUACAGCA-AG-3'; #2, 5'-AC-
CCUUCCAAGAAACUAAAUGAGAU-AG-3'; #3, 5'-CAACU-
UCCAUCAGGCUAUUAAUGAU-AG-3'; targeting sequences
around position 1005 to 1029, 232 to 256, 893 to 917, respectively,
in paff, GenBank accession no. D5087). Moreover, mismatched
siRNA with three or four nucleotide mismatches was prepared to
examine nonspecific effects of siRNA duplexes (siRNA#4, 5'-
ACUCUGCCAAGAGACUACAUGAGAU-AG-3). These select-
ed sequences were also submitted to a BLAST search (Bioinfor-
matics Center Institute for Chemical Research, Kyoto University,
Japan) against the mouse genome sequence to ensure that only one
gene in the mouse genome was targeted. siRINAs were purchased
from iGENE Therapeutics Inc. (Tsukuba, Japan).

Behavioral Analysis in the FBC Model

The behavioral analysis was preformed following the protocol
described previously [5,10]. The pain-related behaviors in the
FBC model were evaluated before and after drug administration
on 11 days after tumor implantation. The experimental and sham

March 2014 | Volume 9 | Issue 3 | 91746



operated animals were evaluated for on-going pain based on
guarding behavior, for ambulatory pain based on limb-use
abnormality, and for allodynia-like behavior based on the von
Frey filament test and paintbrush test. Guarding behavior, limb-
use abnormality and allodynia-like pain were assessed in the same
animals. The mice were placed in a clear plastic observation box
and allowed to habituate for 15 min. Then, spontaneous guarding
behavior was assessed during a 2-min observation period. The
lifting time of the hind paw on the ipsilateral side during
ambulation was measured as guarding behavior. Limb-use
abnormality was scored on a scale of 0 to 4: 0, normal use of
limb; 1, slight limp; 2, clear limp; 3, partial non-use of limb; and 4,
complete non-use of limb. Allodynia-like behavior was assessed by
lightly stroking the injured leg with a paintbrush (allodynia score)
or evaluated by measuring the paw withdrawal threshold in
response to probing with a series of calibrated fine filaments
(allodynia threshold) as reported previously [5]. The allodynia
score was ranked as described by Minami et al. [11]: 0, no
response; 1, mild squeaking with attempts to move away from the
stroking probe; 2, vigorous squeaking, biting the stroking probe
and strong efforts to escape from the stroking probe. Values are
the average of the total score evaluated 3 times at each time point
(possible maximum score at each time point: 2/mouse). The guard
times were significantly prolonged at 5 and 6 days after tumor
implantation compared with the values at pre-implantation.
Similarly, animals also started to exhibit abnormal limb-use at 5
days after tumor implantation, and such abnormal behavior was
more prominent in the later days. The allodynia threshold was
evaluated by measuring the paw withdrawal threshold in response
to probing with von Frey monofilaments, and significant threshold
declines were observed after the 3™ day post tumor implantation
compared with the values at pre-implantation, and the decrease
reached a peak after 5 and 7 days. The allodynia score was
‘evaluated by measuring the ranked response to lightly stroking
with a paintbrush, and significant score rises were observed after
the 4-day post tumor implantation compared with the values at
pre-implantation, and the increase reached a peak after 6 and 8
days. Throughout the experiment, behavioral testing was
performed under blind conditions by a single experimenter.
Injections were performed blind by another person. Intrathecal
injection was performed as described previously [4].

Determination of Lyso-PAF-Acetyltransferase (Lyso-PAF
AT)/Lysophospha- tidylcholine Acyltransferase 2
(LPCAT2), a PAF Synthesis Enzyme

The lumbar regions of the spinal cord (I2-L6) were obtained
from sham-operated (deaden cells implanted) or tumor-bearing
mice. The spinal cord tissues (4.8-5.0 mg) were homogenized in
20 mM Tris-HCl (pH 7.5) containing 1 mM EDTA, 1 mM
EGTA, 10 mM NaF, 10 mM B-glycerophosphate and 1 pg/ml
of various protease inhibitors (benzamdine, leupeptin and anti-
pain). The homogenate was reacted with 0.6% NP-40 for 5 min at
4°C, followed by centrifugation at 15,000 rpm for 5 min at 4°C
and the supernatant was obtained. The supernatant was mixed at
a volume ration of 4:1 in 10 mM Tris-HCI (pH 6.8) containing
10% (v/v) glycerol, 2% sodium dodecylsulfate (SDS), 0.01%
bromophenol blue and 0.5% B-mercaptoethanol, with subsequent
boiling at 70°C for 30 min.

Immunoblotting Assays

The obtained samples were electrophoresed for 2 hr at room
temperature on polyacrylamide gels (stacking gel 3% and separating
gel 10%) and then blotted to polyvinylidene fluoride membranes
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previously treated with 100% methanol. The transferred proteins
on the membranes were blocked by incubating with blocking
solution, a 5% skim milk-containing wash buffer (20 mM Tris-HCI
(pH 7.5), 137 mM NaCl and 0.1% Tween 20), at 25°C for 1 hr.
The membranes were exposed to the primary antibody as follows:
against LPCAT?2 (1:1,000; Sigm); against P-actin (1:1,000; IM-
GENEX Innovations in Functional Genomics, SanDiego, CA)
diluted with the wash buffer containing 1% skim milk overnight at
4°C, followed by washing three times with the wash buffer, and then
incubation with a secondary antibody as follows: for the LPCAT2
antibody and B-actin antibody, an anti-rabbit IgG antibody
conjugated with horseradish peroxidase (1:2,000; DakoCytomation,
Glostrup, Denmark) at room temperature for 1 hr. The membranes
were again rinsed three times with the wash buffer and developed
with an enhanced chemiluminescence (ECL) western detection
system (ECL reagents, purchased from Thermo Fisher Scientific,
and Nacalai Tesque Inc., Kyoto Japan; ImageQuantTM LAS 4000
mini detection system, GE healthcare Japan, Tokyo, Japan). The
density of each band was analyzed using NIH Image software, and
the densitometric units were corrected using the value of B-actin.
The data are expressed as the mean = SEM.

Morphine-induced Constipation

Mice were provided food and water ad libitum before the test
period, and both (with or without TCV-309) groups consumed
comparable amounts of food prior to the test as measured over a 24-
hr period in the test environment. No food or water was available
during the test. Mice were caged in acrylic boxes with grid floors
suspended over filter paper. Fecal boli were collected from each
group of mice every hour for 1 hr following the injection of saline or
various doses of morphine and the weight of fecal boli was recorded
as an index of the constipating effects of morphine.

Generation of Kaplan-Meier Survival Curves

The health of the mice was examined daily. Mice that presented
with signs of ill health were killed by cervical dislocation according
to the recommendations of our Ethical Committee. In our
experience, these signs precede the time of death by a couple of
days. The time of death was recorded for each mouse that was
found dead or was killed. Kaplan—Meier survival curves were
generated using Graphpad Prism software (version 4; Graphpad,
Inc, San Diego, CA).

Statistical Analyses

All data are reported as values of the mean = SEM (standard
error of the mean). Graphpad Prism software version 4 was used to
perform the statistical analysis. Regarding the statistical analysis of
the pain-related behaviors, comparisons of the allodynis score,
withdrawal threshold, guarding behavior and limb-use abnormal-
ity of the differences between the drug-treated groups and the
vehicle-treated group were evaluated using two-way ANOVA
followed by Tukey-Kramer test, or an unpaired Student’s #test.
Comparisons of median survival were performed using log-rank
and Gehan—Breslow—Wilcoxon tests. A probability value (P) of
<<0.05 was considered statistically significant.

Results

Effects of Systemic Administration of Specific PAF
Receptor Antagonists on Tactile Allodynia and Pain
Behaviors in FBC Model Mice

Effects of TCV-309 on allodynia and pain behaviors (guarding
behavior and limb-use abnormality) were examined in FBC model
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mice. TCV-309 with a range of 10-300 pg/kg by iv. dose-
dependently reduced the allodynia score (Figure 1A) and increased
the withdrawal threshold (Figure 1B) at 11 to 15 days after tumor
implantation in the mice. The effects of TCV-309 were quite long
lasting. For instance, TCV-309 significantly ameliorated mechan-
ical allodynia by a single injection of 100 pg/kg, i.v. with a peak
effect at 1 to 2 days after the injection up to 6 days. Guarding
behavior was continuously aggravated during the observation
period, while limb-use abnormality reached a maximal response
and continued during the period (Figure 1C, 1D). Guarding
behavior and limb-use abnormality were also improved by TCV-
309. TGV-309 up to 1 mg/kg did not affect general behavior or
motor function estimated by the RotaRod test (data not shown).
Other PAF receptor antagonists, BN 50739 and WEB 2086, also
ameliorated the allodynia and pain behaviors in the FBC model
mice (Figurel E-1H).

Effects of Blockade of Spinal PAF Receptors on Allodynia
and Pain Behaviors in FBC Model Mice

To confirm the site of cancer pain palliation by PAF
antagonists, the effects of intrathecal injection of TCV-309 and
WEB 2086, and also interference in the expression of spinal PAF
receptors using siRNA of PAF receptor mRINA were examined.
Spinal administration of 10 pg of these drugs 13 days post-tumor
implantation produced rapid and marked suppression of tactile
allodynia with the maximal effect at 1 day post-implantation and
significantly suppressed the allodynia within 4 days (Figure 2A).
Pain release effects evaluated by withdrawal threshold, guarding
behavior and limb-use abnormality of intrathecal injection of
TCV-309 and WEB 2086 were also achieved (Figure 2B-2D).
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Knockdown of the expression of spinal PAF receptor protein
was achieved by intrathecal transfer of PAF receptor siRNA in
mice. As previously reported, a significant reduction in PAF
receptor expression in normal mice and mice 15 days after surgery
on the sciatic nerve, reaching 37.5+5.4% and 29.974.9% of the
control at 3 days after siRNA transfection, respectively, while the
expression was not altered by the HVJ-E vector alone or
mismatched siRNA [5]. By siRINA transfection 13 days post-
tumor implantation, the allodynia score, withdrawal threshold,
guarding behavior an limb-use abnormality were improved with
the peak effect at 2 to 3 days after siRNA transfection, while the
pain-relief action gradually disappeared over 9 days (Figure 3E~
3H). Injection of mismatched siRNA had no effect on the
development of allodynia and pain behaviors. The amount of
LPCAT? protein significantly increased in the spinal cord at 8, 15
and 30 days after transplantation of NCTC 2472 tumor cells into
mice tibia (Figure 3). The results support the concept that PAF
increase in the spinal cord of tumor-bearing mice may relate to
pain production and that the site of pain-relief action of the PAF
receptor antagonists involve the spinal cord in FBC mice.

Potentiation of the Analgesic Effect by Combination of
PAF Receptor Antagonists with Morphine

Bone cancer pain is one of the most severe types of cancer pain
and is often resistant to treatment even with opioid analgesics.
Combinations of opioids and non-opioid analgesics are usual
practice to obtain a better analgesic effect in clinical practice.
Combined administration of morphine with TCV-309 was
examined (Figure 4A). Morphine 0.1 and 0.3 mg/kg injection 1
day after TCV-309 3 and 10 pg/kg administration produced a
marked reduction in the allodynia score at 30 min after morphine
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Figure 1. Effects of PAF-receptor antagonists on tactile allodynia (A, B, E, F), guarding behavior (C, G) and limb-use abnormality (D,
H) in the femur bone cancer (FBC) mice. TCV-309 0.01-0.3 mg/kg, WEB 2086 0.1 mg/kg, BN 50739 0.1 mg/kg or a vehicle were intravenously
injected at 11 days post tumor transplantation. Control mice received injections with a vehicle: saline or 25% 2-hydroxypropyl-B-cyclodextrin. The
pain-related behaviors that developed after tumor implantation in mice were not affected by vehicle treatments. Values represent the mean * SEM.
n=11 mice per group. TP<0.05, *P<0.01 compared with the corresponding control (vehicle treated) values, as determined by analysis of variance

followed by Tukey-Kramer test.
doi:10.1371/journal.pone.0091746.g001
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Figure 2. Effects of blockade of PAF receptors by intrathecal injection of PAF receptor antagonists (A-D) or knockdown of spinal
PAF receptors by siRNA (E-H) on tactile allodynia (A, B, E, F), guarding behavior (C, G) and limb-use abnormality (D, H) in FBC mice.
(A-D); Tumor cells were implanted into the intramedulla of left femur bone 13 days before the intrathecal (i.t.) injection of PAF receptor antagonists.
TCV-309 (10 pg/mouse), WEB 2086 (10 pg/mouse) or the vehicle were injected intrathecally at time “0”. Data are expressed as the mean = SEM,,
n=_8-12 mice per group. *P<0.01 compared with the corresponding control (vehicle treated) values, as determined by analysis of variance followed
by Tukey-Kramer test. Control mice received injections with a vehicle: ACSF. The pain-related behaviors that developed after tumor implantation in
mice were not affected by the vehicle treatments. (E-H); siRNA or mismatched siRNA of PAF-receptor mRNA were transfected into the spinal cord 13
days after tumor implantation. Data are expressed as the mean = SEM. n=8-10 mice per group. TP<0.05, *P<0.01 compared with the
corresponding control (mismatched siRNA transfection) values, as determined by analysis of valiance followed by an unpaired Student's t-test.
Control mice received injections with mismatched siRNA or a vehicle: HVJ-envelope only. The pain-related behaviors that developed after tumor
implantation in mice were not affected by mismatched siRNA or vehicle treatments.

doi:10.1371/journal.pone.0091746.9002

injection and the effect returned to each level of TCV-309 alone at
3 to 4 hrs after the administration. The combination of morphine
1 mg/kg with gabapentin 10 mg/kg iv. had no significant anti-
allodynia effect (Figure 4B). A large dose of gabapentin, 30 mg/kg,
was required to produce a transient anti-allodynia -effect.
Morphine alone had little analgesic effect at 0.3 to 3 mg/kg, s.c.
and a small effect at 10 mg/kg in the FBC model. A higher dose of
30 mg/kg of morphine was less effective (Figure 4C).

The dose-response relation of TCV-309 and morphine in
combination is shown in Figure 4D and Figure 4E. Morphine
0.3 mg/kg and TCV-309 0.1-1.0 pg/kg at each dose alone had
no anti-allodynia effect, but in combination, the allodynia score
decreased by more than 90% depending on the dose of TCV-309
(Figure 4D). Morphine in combination with TCV-309 10 pg/kg
as low as 0.03 mg/kg produced a significant anti-allodynia effect
and abolished the allodynia response at 0.3 mg/kg (Figure 4E).
Eight days after the injection of TCV-309, WEB 2086 and BN
50739, pain relieving effect of these compounds became not
significant (Figure 5). However, the additional administration of
morphine 0.3 mg/kg still markedly ameliorated allodynia and
pain behaviors (Figure 5). These results showed that PAF receptor
antagonists achieves long-lasting potentiation of the analgesic
effect when morphine was administered.

Effect of PAF Receptor Antagonists on Morphine-induced

Constipation
Constipation is one of the most common side-effects of
morphine and it appears in almost all patients treated with
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morphine. If the obstacle effect of morphine on intestinal activity is
not potentiated, this side effect of morphine could be reduced by
reducing the dosage of morphine without disturbing the analgesic
effect. Morphine reduced the amount of feces from 1 mg/kg s.c.
and abolished it more than 10 mg/kg. The dose-dependent
constipation effect of morphine was not affected by TCV-309

10 pg/kg (Figure 6).

Repeated Administration of TCV-309 Protected Against
the Appearance of Pain-like Behavior

As the anti-allodynia effect of TCV-309 was long-lasting, the
effect of the repeated administration was examined. In control
mice, tactile allodynia appeared at 3 days after tumor implantation
and reached to peak response at 8 days. Guarding behavior
appeared at 10 days post tumor implantation and gradually
increased over 30 days, while limb-use abnormality appeared at 8
days and reached a maximum at about 16 days post implantation
(Figure 7A-7D). Injection of TCV-309 at 0.3 mg/kg, iv. was
started on the day mice were implanted with the tumor and was
continued every 4 days for 28 days. Pain behaviors evaluated by
allodynia score, withdrawal threshold, guarding behavior and
limb-use abnormality did not appear during dosing (Figure 2).
Thus, the treatment with TGV-309 before pain arose protected
against crisis of pain and tolerance to TCV-309 analgesia did not
develop.
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