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Fig. 6. Time courses of changes in intensities of pOR-V, Barr2-C, or Barrl-C in BHK cells. A: Confocal imaging of the BHK cells express-
ing pOR-V, GRE2, and Barr2-C or Barrl-C. For calculation, intensities of the areas within the red line (cytosol) were measured. B: Changes
in intensities before (a) and 5 min (b) and 10 min (c) after stimulation of DAMGO (10 7 M) in real time. C: Intensity ratio of Barr2-C
and pOR-V at the indicated points as in (B). D: Intensity ratio of farrl-C and pOR-V at the indicated points as in (B). Intensity ratio

u, n

were expressed as ratio of the level at “b" or “c"/the level at “a.

It is also known that p-arrestins are involved in the
internalization steps (Gainetdinov et al., 2004). Once
receptors are phosphorylated by several kinases,
Barr-1 or Parr-2 binds to the receptors, followed by
internalization of the receptor/B-arrestin complex
(Gainetdinov et al., 2004; Luttrell and Lefkowitz,
2002). Previous reports have shown that baclofen
failed to recruit Barr-1 or Barr-2 to the plasma mem-
brane (Fairfax et al., 2004; Perroy et al., 2003). In
this study, with BHK cells coexpressing GBi.R,
GB3R-V, B-arrestins-C, and GRK4, we investigated
the mobility of both GBgR-V and B-arrestins-C on
stimulation by baclofen. This agonist was adminis-
tered at concentrations and durations at which GRK4
translocated to the plasma membranes, formed GBzR/
GRK4 complex, and consequently desensitized the re-
ceptor functions. Our results were in accordance with
previous studies showing that GABAgRs were not
internalized and B-arrestins were not mobilized on
baclofen stimulation, despite their desensitization
under those conditions (Fairfax et al., 2004; Perroy
et al., 2003). In the clinical therapy, intrathecal baclo-
fen therapy (ITB) is an established treatment for
severe spasticity (Slonimski et al., 2004). Tolerance to
ITB for treatment of spasticity is produced by desen-
sitization of the GABAgR (Kanaide et al., 2007; Niel-
sen et al., 2002). Desensitization of GABAER by baclo-
fen was mediated by protein complex formation of
GABAgR with GRK4 or GRK5 (Ando et al., 2011;
Kanaide et al., 2007; Perroy et al., 2003). In such

situation, baclofen did not internalize GABAgR as
shown this study, suggesting that GABAgR internal-
ization process by itself may not be involved in the
development of tolerance to ITB by baclofen.

Recent reports have shown that distinet phospho-
rylation sites on G protein-coupled adrenergic Bs
receptors act as a “barcode” for the differential func-
tions for B-arrestin, including its receptor-internaliza-
tion profiles (Nobles et al., 2011). The authors indi-
cated that the specific and distinct patterns of recep-
tor phosphorylation by individual GRKs correlate
with different B-arrestin functions. They thus pro-
posed that these distinct phosphorylation patterns
create a “barcode” that imparts distinct conformations
to the recruited B-arrestin, thus regulating its func-
tional activities. Another report has shown that
GABAgR is internalized by N-methyl-p-asparate
(NMDA) receptor stimulation (but not GABAgR acti-
vation itself) due to site-specific phosphorylation of
the receptor (serine 867 in GBgiR) by calmodulin-de-
pendent protein Kinase II (Guetg et al., 2010). In pre-
vious studies, including our own, GABAgR was not
phosphorylated by GREK4 or GRKS5, even if they
induced GABAgR desensitization (Kanaide et al,
2007; Perroy et al., 2003). Collectively, these results
seem to suggest that agonist stimulation caused little
or no phosphorylation of GABAgR. Thus, internaliza-
tion of the receptor due to mobilization of B-arrestins
or complex formation with B-arrestins was not caused
by baclofen.
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Fig. 7. A: Comparison of FRET efficiency on the plasma mem-
branes in BHK cells expressing GB; R, GB;R-V, and GRK4 with
Barr2-C; or wOR-V and GREZ2 with Barr2-C on the plasma mem-
branes, with or without stimulation of baclofen or DAMGO for 5
min, respectively. FRET efficiency was calculated from emission
spectra. Note the increase of the Cerulean peak emission (488 nm)
following photobleaching of Venus (528 nm). Ips = peak of donor
emission in the presence of acceptor. I, = peak of donor emission in
the presence of sensitized acceptor. The combination of Venus + Ce-
rulean or GB; R + GB3R-V + GREK4-C pairs were used as negative
and positive controls for protein-protein interaction, respectively.
Each bar represents mean = SEM of FRET efficiency in independ-
ent experiments using six cells with three regions of interest per
BHK cell (n = 18). B: Changes in the FRET ratio on the plasma
membranes in BHK cells coexpressing GB;,R, GB;R-V, and GRK4
with Barr2-C; or pOR-V and GRK2 with Barr2-C. Photobleaching
assay was performed for the periods indicated, and then FRET effi-
ciencies were calculated (n = 3 at each point). The open circles (C)
or the closed squares (M) represent data obtained from pOR- or
GABAgR-expressing cells, respectively.

On the other hand, some reports with different ex-
perimental methods from our own have shown that
GABAgR was constitutively (without agonist stimula-
tion) internalized into the cytosol (Grampp et al,
2007). In our study, stimulation by baclofen for up to
90 min failed to cause any detectable, spontaneous
internalization, as determined by laser microscopy.
However, in our experimental system, we are not
aware of the functions of GABARR. Specifically, we do
not know if these receptors elicit acute internalization
followed by quick (for example, within 1 min) recy-
cling to the plasma membranes. We were unable to
detect basal internalization of GB2R-Venus or recy-
cling of the receptors, as shown by the lack of change
in the intensity of GBoR-V at the plasma membranes.
Another report, however, has shown that heterodi-
meric GABAgR internalizes basally and recycles back
to plasma membranes (Vargas et al., 2008). The dis-
crepancies between their results and ours are prob-
ably due to the different experimental approaches
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used. The receptor might internalize to the superficial
sites and then recycle quickly to the plasma mem-
brane, and our experimental system may not be able
to detect such movements due to the limitation of re-
solution ability of our laser confocal microscopy.

Further study will be necessary to determine the
involvement of B-arrestins in such quick internalization
and recycling. Although unknown, it is important to
understand their involvement in such short periods of
internalization as well as agonist-induced internaliza-
tion. Such short-term trafficking might play roles in
fundamental functions of GABAgR by activating of mul-
tifunctioning proteins p-arrestins (Nobles et al., 2011).

In conclusion, these findings suggest that GABAgR
fails to undergo agonist-induced and spontaneous
internalization in part because of their failure to
interact with B-arrestins.
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Abstract.

Neurosteroids are known as allosteric modulators of the ligand-gated ion channel

superfamily. Voltage-gated sodium channels (Na,) play an important role in mediating excitotoxic
damages. Here we report the effects of neurosteroids on the function of Na., using voltage-clamp
techniques in Xenopus oocytes expressed with the Na,1.2 a subunit. Pregnenolone sulphate, but
not pregnenolone, inhibited sodium currents (Ins) at 3 — 100 umol/L. The suppression of I, by
pregnenolone sulphate was due to increased inactivation with little change in activation. These
findings suggest that pregnenolone sulphate, a metabolite of pregnenolone, suppresses the function
of Na, via increased inactivation, which may contribute to the neuroprotection.

Keywords: pregnenolone sulphate, voltage-gated sodium channel, neuroprotection

Neurosteroids are active steroids synthesized in both
the central and peripheral nervous systems, independent
of a steroidogenic gland. It is well known that neuroster-
oids modify the activity of neurotransmitter-gated ion
channels and rapidly alter neuronal excitability. Several
lines of evidence have shown that these neurosteroids
modulate excitotoxicity-mediated neuronal damage
through glutamate receptors. For example, pregnenolone
and dehydroepiandrosterone (DHEA) protect hippocam-
pal neurons against NMDA-induced neuronal death (1),
and pregnenolone sulphate attenuates AMPA-induced
inward currents and neurotoxicity in cortical neurons (2).
These results suggest neuroprotective effects of neuros-
teroids and suggest their potential use as a therapeutic
medication for brain damage. However, the entire signal
transduction cascade of neurosteroids on excitotoxic
neuronal injury is still obscure.

Voltage-gated sodium channels play an essential role
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in action potential initiation and propagation in excitable
cells of nerves and muscles (3, 4). Recently, sodium
channels are thought to have an important role in excito-
toxic damage because sodium channel blockers have
neuroprotective effects (5). Here, we examined the ef-
fects of neurosteroids on voltage-gated sodium channels
using the Na, 1.2 a subunit of sodium channels because it
is expressed primarily in the central nervous system, es-
pecially the brain. We found that pregnenolone sulphate,
but not pregnenolone, inhibited the function of Na,1.2
expressed in Xenopus oocytes. . '
Adult female Xenopus laevis frogs were obtained from
Kyudo Co., Ltd. (Saga). Pregnenolone, pregnenolone
sulphate, DHEA, and DHEA sulphate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). ¢cDNA for
rat Na,1.2 o subunits was a gift from Dr. W.A. Catterall
(University of Washington, Seattle, WA, USA), and
cDNA for human f; subunits was a gift from Dr. A.L.
George (Vanderbilt University, Nashville, TN, USA).
After linearized cDNA, cRNA were transcribed using T7
(Na,1.2 a subunits) or T6 (f; subunits) RNA polymerase
of mMESSAGE mMACHINE kit (Ambion, Austin, TX,
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USA). Preparation of Xenopus laevis oocytes and micro-
injection of the cRNA was performed as described previ-
ously (6). Na, 1.2 a subunits cRNA was co-injected with
S subunits cRNA into oocytes. All electrical recording
was performed at room temperature (23°C) using the
whole-cell, two-electrode, voltage-clamp technique. The
oocytes were perfused at 2 mL/min with Frog Ringer
solution containing 115 mmol/L NaCl, 2.5 mmol/L KClI,
10 mmol/L HEPES, and 1.8 mmol/L CaCl,, at pH 7.2.
The whole-cell voltage clamp was achieved through
these two electrodes using a Warner Instruments mode]
0OC-725C (Warner, Hamden, CT, USA). Currents were
recorded and analyzed using pPCLAMP software (Axon
Instruments, Foster City, CA, USA). Neurosteroids were
perfused for 2 min to reach equilibrium. All values are
presented as the mean £ S.E.M. Data was statistically
evaluated by paired #-test using GraphPad Prism software
(GraphPad Software, Inc., San Diego, CA, USA).

First, currents were elicited using a 50-ms depolarizing
pulse of =20 mV applied every 10 s from a =90 mV hold-
ing potential (causing maximal current, Vy.o0) or a hold-
ing potential causing half-maximal current (V.2) (ap-
proximately from —50 to =60 mV) in the absence and
presence of neurosteroids. The peak current amplitude in

presence of neurosteroids was normalized to that in the
control, and the effects of neurosteroids were expressed
as percentages of the control. Pregnenolone (100 #umol/L)
had little effect on sodium currents (In.) at both Vo0 and
Vip (Fig. 1: A, B, left). Pregnenolone sulphate (100
umol/L) significantly suppressed In. to 41% + 3% of the
control at Vi, and to 74% =+ 3% at Vuoo (Fig. 1: A, B,
right). In addition to pregnenolone sulphate, DHEA and
DHEA sulphate (100 gmol/L) also reduced In, to 50% +
2% and 40% =+ 4% at Vi and to 69% =+ 3% and 74% + 3%
at Viso, respectively (Fig. 1C). Next, we examined the
concentration—response relation for inhibition of In. by
neurosteroids at the Vi, (Fig. 2). Pregnenolone sulphate
(3 — 300 pmol/L) significantly attenuated I, in a concen-
tration-dependent manner. The effects of DHEA and
DHEA sulphate were 10-fold less potent than that of
pregnenolone sulphate. Only > 30 #mol/L of DHEA and
DHEA sulphate significantly suppressed In.. Nonlinear
regression analyses of the concentration—response curves
yielded the 1Cs values and Hill slopes of 53+ 1 and
0.5+ 0.05 ymol/L for pregnenolone sulphate, 130 + 8
and 0.8 +£0.04 umol/L. for DHEA, and 202+ 6 and
0.9 + 0.09 umol/L for DHEA sulphate, respectively.
Since pregnenolone sulphate most potently affected

(A) Pregnenolone ____ Pregnenolone DEHA __ DEHA
100 pmoliL Sulphate 100 pmoliL 100 umoliL. Suiphate 100 pmol/L
~ ==~ Control ~ =~ Controt ==+ Control - - Control
;?fg;g! Viean Vig Voo Vi Vi Vig Viees Vig
2 ms Zms 2ms 2ms 7
< o« ! < <
g[ s 5[ y 5[ 50
¥
(B) D VH..QO (C) [: VH~90
100 B Vo 1009 B V.,
KR . K%
754 =S 754 il

Percent of control (%)
N [41]
[} [w)
1 1

Pregnenolone  Pregnenolone sulphate

Percent of control (%)
[\N] (4,3
(8} O
1 1

o

DHEA DHEA sulphate

Fig. 1. Effects of pregnenolone, pregnenolone sulphate, DHEA. and DHEA sulphate on sodium currents in Xenopus oocytes
expressing Na,1.2 a subunits with f; subunits. A) Representative traces of sodium currents evoked by 50-ms depolarizing pulses
to =20 mV from a Vi holding potential and V1, holding potential, in the absence and presence of neurosteroids. Each neurosteroid
of at 100 #mol/L was applied for 2 min. B, C) The inhibition of sodium currents by pregnenolone, pregnenolone sulphate, DHEA,
and DHEA sulphate. The currents were normalized to the initial values, and percent of the control was calculated. Open columns
indicate the effect at V., and closed columns indicate the effect at V.. Data are represented as means = S.EM. (n=5-6).

#%P < (.01, compared with the control (paired r-test).
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the function of Na,1.2, to investigate the inhibitory
mechanism of this steroid, we studied the effect of it on
sodium current activation and steady-state inactivation.
The voltage dependence of activation was determined
using 50-ms depolarizing pulses from V.00 and V2 to 60
mV in 10-mV increments. Normalized activation curves
were fitted to a Boltzmann equation (6). The peak I, was
reduced by 100 umol/L of pregnenolone sulphate at Vi.o0
and V2 (not shown), but it did not affect the activation
curves at Vug and Vi (Fig. 3: A, B). Next, currents
were elicited by a 50-ms test pulse to —20 mV after 200-
ms prepulses ranging from —140 to 0 mV in 10-mV in-
crements from Vwuoo. Steady-state inactivation curves
were fitted to the Boltzmann equation (6). Pregnenolone
sulphate shifted the V1 in the hyperpolarizing direction
significantly by 8.2 mV (from =53 £ 1 to—61.3 £ I mV)
(Fig. 3C). To the best of our knowledge, this is the first
direct evidence to demonstrate the inhibitory effect of
pregnenolone sulphate on the function of sodium chan-

Fig.3. Effects of pregnenolone sulphate on activation
curves at Vi.oo holding potential (A) and V.. holding po-
tential (B) and on inactivation curves (C). Currents were
elicited using 50-ms depolarizing steps between —80 and 60
mV in 10-mV increments from a Vi holding potential
(A) and elicited using 50-ms depolarizing steps between
~60 and 60 mV in 10-mV increments from a Vi holding
potential (—50 to —60 mV) (B). Pregnenolone sulphate (100
#mol/L) were applied for 2 min. Representative In, traces
from oocytes expressing Na.1.2 with §, in the control, pres-
ence of 100 ymol/L. pregnenolone sulphate, and washout
(right panel). Activation curves were fitted to a Boltzmann
equation from the -V curves (left panel). Closed circles
represent the control, open circles indicate the effects of
pregnenolone sulphate, and crosses indicate washout. Data
are shown as the mean+ S.EM. (n=5-6). C) Currents
were elicited using a 50-ms test pulse to =20 mV after 200-
ms prepulses ranging from —140 to 0 mV in 10-mV incre-
ments from a holding potential of Vi.y. Pregnenolone sul-
phate was applied for 2 min. Representative Ly, traces in the
control, presence of 100 umol/L pregnenolone sulphate,
and washout (right panel). Inactivation curves were fitted
to the Boltzmann equation (left panel). Closed circles rep-
resent the control, open circles indicate the effects of preg-
nenolone sulphate, and crosses indicate washout. Data are
shown as the mean+ S EM. (n=5-7).
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nels of Na,1.2 via increased inactivation.

We found that pregnenolone sulphate, DHEA, and
DHEA sulphate, but not pregnenolone, suppressed In. of
Na,1.2 o subunits. Specifically, pregnenolone sulphate
had the most potent inhibitory effect among them. Typi-
cal plasma concentrations of pregnenolone sulphate have
been reported to be 0.2 to 0.4 umol/L, although those in
some healthy subjects have been reported to be approxi-
mately 1 umol/L (7), and normal serum levels of DHEA
and DHEA sulphate have been shown to be 1030
nmol/L and 2.0 — 3.0 umol/L, respectively (8). In some
cases and conditions, during pregnancy and in patients
with 21-hydroxylase deficiency, however, plasma levels
of these neurosteroids can reach micromolar levels (9,
10). The present findings showed that 3 ymol/L preg-
nenolone sulphate significantly suppressed In. to
89% =+ 2% of the control value. Scholz et al. showed that
10% inhibition of In, by lidocaine reduced the number of
action potentials to 10 from a control response of 21 in
750 ms (11). Therefore, 11% inhibition by 3 umol/L
pregnenolone sulphate would be expected to reduce ac-
tion potentials. In contrast to pregnenolone sulphate,
DHEA and DHEA sulphate suppressed In. at only high
concentrations (> 30 gmol/L). In consideration of the
above observations, only pregnenolone sulphate would
affect neuronal functions through sodium channel inhibi-
tion under pathophysiological conditions. In a previous
study, pregnenolone as well as pregnenolone sulphate
affected the ligand-gated ion channel, GABA4 receptor
(12). Therefore, it is interesting to note that only the
sulphated steroid of pregnenolone, but not non-sulphated
pregnenolone, has an inhibitory effect on sodium chan-
nels, suggesting that sulphotransferase and the sulphate
moiety of pregnenolone sulphate might play an important
role in regulating sodium channel activity. Contrary to
pregnenolone and pregnenolone sulphate, both DHEA
and DHEA sulphate had similar effects, suggesting that
the important moiety in DHEA and DHEA sulphate
would be different from that of pregnenolone sulphate.

The present results of channel gating such as activation
and inactivation suggest that the enhanced inactivation of
sodium channels with little change in activation contrib-
utes to the inhibitory mechanism of pregnenolone sul-
phate. Furthermore, suppression by pregnenolone sul-
phate at Vi.eo suggests that it behaves as open channel
blockers. This mechanism resembles that of the local
anesthetic lidocaine in the point of causing a hyperpolar-
izing shift in the voltage dependence of steady state inac-
tivation with no effect on that of activation. These results
have led us to hypothesize that pregnenolone sulphate
and lidocaine, hydrophobic tertiary amine local anesthet-
ics, might share common or overlapping binding sites.

Suppression of voltage-gated sodium channels would

be supposed to have a neuroprotective effect because the
inhibition of sodium channels leads to suppression of
neuronal depolarization, glutamate release, and Na” in-
flux, thereby reducing Ca* influx by means of Ca™
channels, NMDA receptors, and reversal of the Na*/Ca®
exchanger (13). Pregnenolone sulphate also has effects
on the activities of some ion channels, for example, the
subtype selective modulation of NMDA receptor (14)
and antagonism of the GABA receptor and suppression
of GABA-induced current (15) at micromolar concentra-
tions. However, it is not clear whether the effects of these
modulations of the other receptors can lead to neuronal
damage, whereas some new sodium-channel blockers
have been shown to have neuroprotective effects (5).
Therefore, it gives rise to the possibility that pregnenolone
sulphate may be used as a potential neuroprotective
medication for the treatment of brain injury. Further in
vivo study, however, will be required in the near future.

In conclusion, the present findings demonstrated that

" pregnenolone sulphate suppresses In. of Na,1.2 a sub-

units. These findings would provide a better understand-
ing of the mechanisms underlying the neuroprotective
effects exerted by neurosteroids.
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Sensation of Abdominal Pain Induced by Peritoneal
Carcinomatosis Is Accompanied by Changes in the
Expression of Substance P and u-Opioid Receptors in

the Spinal Cord of Mice
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ABSTRACT

Background: Patients with peritoneal carcinomatosis often
report abdominal pain, which is relatively refractory to mor-
phine. It has been considered that a new animal model is
required to investigate the mechanism of abdominal pain for
the development of optimal treatments for this type of pain.

* Research Resident, == Chief, Division of Cancer Pathophysiol-
ogy, ™ Research Assistant, ||| Head, Division of Genetics, 11 Chief,
Division of Molecular and Cellular Medicine, §§ Chief, Depaniment
of Palliative Medicine, National Cancer Center Research Institute,
Tokyo, Japan. 1 Professor, Department of Pharmacology: + Student,
§ Visiting Scientist, 2 Professor, Department of Toxicology, Hoshi
University School of Pharmacy and Pharmaceutical Sciences, To-
kyo, Japan. || Associate Professor, Department of Anesthesiology &
Resuscitology. Shinshu University School of Medicine, Nagano, Ja-
pan. # Professor, Laboratory of Molecular Cell Biology, Department
of Life Sciences, Yasuda Woman's University Faculty of Pharmacy,
Hiroshima, Japan.

Received from the National Cancer Center Research Institute,
Tokyo, Japan. Submitted for publication September 12, 2011." Ac-
cepted for publication June 12, 2012. Supported by the Ministry of
Health, Labour and Welfare of Japan, Tokyo, Japan (for the Third
Comprehensive 10-Year Strategy for Cancer Control and for Cancer
Research); National Cancer Center Research and Development
Fund (23-A2, 23-A29, 23-A30), Tokyo. Japan: the Special Grant
for young investigators from the President of National Cancer
Center, Tokyo. Japan: grants 23790654 and 23234567 from the
Ministry of Education, Culture, Sports, Science and Technology
of Japan, Tokyo. Japan; and Research Resident Fellowships (1o
Drs. Suzuki and Mivano) from the Foundation of Promotion of
Cancer Research in Japan, Tokyo, Japan.

Address correspondence to Dr. Uezono: Division of Cancer Patho-
physiology, National Cancer Center Research Institute, 5-1-1, Tsukij,
Chuo-ku, Tokyo. 104-0045, Japan. yuezono@ncc.go.jp. Information on
purchasing reprints may be found at www.anesthesiology.org or on
the masthead page at the beginning of this issue. ANESITIESIOLOGY'S
articles are made freely accessible to all readers, for personal use only,
6 months from the cover date of the issue.

Copyright © 2012, the American Society of Anestbesiologists, Inc. Lippincott
Williains & Wilkins. Anesthesiology 2012: 117:847-56

Anesthesiology, V 117 » No 4

|

What We Already Know about This Topic

+ Some patients with cancer have tumor spread throughout the
abdominal peritoneum

+ The disease of widespread peritoneal tumors, carcinomatosis,
can be painful and refractory to conventional analgesic
therapies

What This Article Tells Us That Is New

* The investigators developed a mouse mocdel of carcinomatesis
Behavioral studies indicate pain-related responses are pres-
ent, and as in patients, the responses are resistant to morphine

In the future, experimental pain therapies can be studied

Methods: To prepare a peritoneal carcinomatosis model,
highly peritoneal-seeding gastric cancer cells, 60As6, were
implanted into the abdominal cavity. The nociceptive modality
for pain-related behavior was assessed in terms of withdrawal
behavior in response to mechanical stimuli and hunching be-
havior. Tissue samples from mouse dorsal root ganglia and spi-
nal cord were subject to immunohistochemistry and real-time
reverse transcription polymerase chain reaction.

Results: Mice with peritoneal dissemination showed signif-
icant hypersensitivity of the abdomen to mechanical stimu-
lation and spontaneous visceral pain-related behavior. There
was a significant increase in c-Fos—positive cells in the spinal
cord in tumor-bearing mice. Those mice exhibited a remark-
able increase in substance P-positive neurons in the dorsal
root ganglia (control vs. tumor, 15.4 = 1.1 vs. 24.2 * 3.6,
P < 0.05, n = 3). Asignificant decreases in p-opioid receptor
expression mainly in substance P-positive neurons was observed
in tumor-bearing mice (69.3 £ 4.9 us. 38.7 = 0.9, P < 0.05,
n = 3),and a relatively higher dose of morphine was required to
significantly reverse the abdominal hypersensitivity.
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Conclusion: Both the up-regulation of substance P and
down-regulation of p-opioid receptor seen in the dorsal root
ganglia may be, at least in part, responsible for the abdominal
pain-like state associated with peritoneal carcinomatosis.

HE moderate or severe pain associated with cancer can

impair dramatically the quality of life and the survival
of patients and affects 64% of those with metastatic or ad-
vanced-stage cancer.’ The perceived intensity of this pain
depends on the specific type of cancer and its location, as well
as the each patient’s sensitivity to pain.” Pain associated with
cancer generally is treated with opioids, nonsteroidal antiin-
flammatory drugs, corticosteroids, local anesthetics, antide-
pressants, and anticonvulsants, either alone or in combina-
tion.>* Despite the availability of these various medicinal
treatments, it can be difficult to control pain in some patients
with terminal cancer. Accordingly, more effective treatments
are needed. Our poor understanding of the mechanism of
pain associated with cancers continues to stand as a major
obstacle to the discovery of novel analgesics to address this
need.

Peritoneal carcinomatosis has been defined as the com-
plex sequence of events by which tumor cells disseminate
from their primary organ of origin to establish independent
metastatic deposits on the visceral and parietal peritoneal
lining of the abdominal cavity. Advanced gastric cancer with
peritoneal dissemination is one of the most difficult forms of
gastric cancer to treat, and its prognosis remains pcmr.5 Pa-
tients with peritoneal carcinomatosis report constant, aching
abdominal pain. Characteristically, it is poorly localized and
is worsened by pressure on the abdomen. Although there
have been no rigorous clinical studies, most experts agree that
opiate analgesics are relatively ineffective for the treatment of
abdominal pain caused by cancerous peritonitis. Compared
with somatic pain, which is easily localized and characterized
by distinct sensations, visceral pain is diffuse and poorly lo-
calized, typically referred to somatic sites, and associated with
stronger emotional and autonomic reactions.® The abdomi-
nal viscera receive dual extrinsic innervation (e.¢., spinal and
vagal afferents), and accumulating evidence has revealed that
there are significant differences in the functions of different
nerves innervating the same organ.® Adequate stimuli for the
production of visceral pain include the distension of hollow
organs, traction on the mesentery, ischemia, and endogenous
chemicals typically associated with inflammatory processes.®
Thus, visceral pain differs from somatic pain in several im-
portant ways. Several new animal models have been devel-
oped for the investigation of cancer pain.” The first animal
models were developed for the study of primary and meta-
static bone tumors,® and these were followed by nonbone
models of cancer pain that resemble other malignant le-
sions.”'® These animal models were established to enhance
our understanding of the neurobiology, pharmacology, and
molecular mechanisms of tumor pain.''™'* However, these
are mostly models for somatic pain. The development of
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optimal analgesic medications for the treatment of abdomi-
nal pain caused by cancerous peritonitis has been hindered by
our incomplete understanding of the underlying mecha-
nisms, mainly because of a lack of appropriate animal models
to study. In this study, we used 60AsG gastric cancer cells,
which are a highly peritoneal-seeding cell line, to develop a
novel mouse model of abdominal pain caused by cancer-
related peritonitis. Information obtained with this model has
provided new insight into the mechanisms that underlie pain
caused by cancerous peritonitis and may aid the establish-
ment of potential mechanism-based therapies for treating
this pain state.

Materials and Methods

All experiments were conducted in accordance with the eth-
ical guidelines of the International Association for the Study
of Pain'® and were approved by the Committee for Ethics of
Animal Experimentation of National Cancer Center
(Tsukiji, Tokyo, Japan). In the experiments, efforts were
made to minimize the numbers of animals used and their
suffering.

Animals

Male C.B17/Icr-scid mice and Institute of Cancer Research
mice weighing 22-25 g were used. Mice were purchased
from CLEA Japan (Tokyo, Japan) and housed at a room
temperature of 23 * 1°C with a 12-h light—dark cycle. The
mice were maintained under specific pathogen-free condi-
tions and provided sterile food, water, and cages.

Cell Lines and Culture

A human scirrhous gastric cancer cell line, HSC60, was es-
tablished as described previously.'® The highly peritoneal-
seeding cell line, 60AsG was established from HSCG60 by
orthotopic tissue implantation into scid mice.'” Briefly, a
xenograft tumor of HSCGO cells was transplanted into the
gastric wall of a scid mouse. For six iterations, we harvested
ascitic tumor cells and performed the orthotopic inoculation
of these cells into mice to establish a highly metastatic 60As6
cell line. This cell line was maintained in RPMI1640 me-
dium supplemented with fetal calf serum (10%), 100 U/ml
penicillin G sodium, and 100 pg/ml streptomycin sulfate
under an atmosphere of 5% carbon dioxide and 95% air at
37°C. To establish transfectants that expressed the luciferase
gene, plasmid vectors carrying the firefly luciferase gene,
which were called pLuc/Neo, and a transfection reagent, Li-
pofectAMINE 2000 (Invitrogen, Carlsbad, CA), were used
as recommended by the manufacturer. Geneticin (500 g/
ml; Invitrogen) was used to select stable transfectants, and
transfected clones were screened for luciferase gene expres-
sion by detecting bioluminescence using an IVIS system
(Xenogen, Alameda, CA). Clones that expressed the lu-
ciferase gene were referred to as 60As6Luc cells.
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Intraperitoneal Inoculation of 60As6Luc Cells

The density of 60As6Luc cells was adjusted to 1 X 10° cells
per 1 ml phosphate-buffered saline (PBS). In the experimen-
tal group, the cell suspension was injected into the abdominal
cavity through a 26.5-gauge needle inserted into the central
abdomen. In the control group, PBS was injected into the
abdominal cavity instead of 60AsGLuc cells.

Measurement of Tumor Growth Using

Luciferase Imaging

For the measurement of tumor growth, whole-body lu-
ciferase imaging with an IVIS imaging system was used to
visualize 60AsGLuc cells under a 10-min integration time for
image acquisition, as described previously.'® Briefly, mice
were injected intraperitoneally with 15 mg D-luciferin po-
tassium salt in 1 ml PBS using a 26.5-gauge syringe. They
were then kept anesthetized with isoflurane. The relative tu-
mor metastasis burden was determined using Living Image
software (version 2.50, Xenogen).

Acute Pancreatitis Model

Caerulein is an analog of cholecystokinin that leads to acute
pancreatitis. Acute pancreatitis was induced by repeatedly
injecting mice with caerulein (intraperitoneal administra-
tion; 50 pglkg; six times at 1-h intervals).'®?° Caerulein
(Sigma Chemical Co., St. Louis, MO) was dissolved in phys-

iologic saline.

Inflammatory Pain Model

With the mice anesthetized with isoflurane, the plantar sur-
face of the right hind paw was injected with complete
Freund’s adjuvant (CFA; Mycobacterium tuberculosis;
Sigma Chemical Co.) in a volume of 20 pl to create a model
of persistent inflammatory pain.”!

Behavioral Test

Hypersensitivity of the abdomen to mechanical stimulation
was quantified by counting the number of withdrawal behav-
iors (withdrawal of the abdomen away from a von Frey fila-
ment, licking of the abdomen as a result of stimulation, or
whole-body withdrawal) in response to the application of
mechanical stimulation (von Frey filaments with a bending
force of 0.02 g) to the abdomen."**° Mice were placed on an
increased wire mesh floor and confined under individual
overturned black plastic boxes. The von Frey filaments were
applied through the mesh floor to different points on the
surface of the abdomen. Each filament was applied five times
at intervals of 5-10 s, and again after a 1-min rest period for
a total of 10 times. Nociceptive behavior was scored as fol-
lows: 0 = no response; 1 = immediate slight attempt to
escape or light licking or scratching of the stimulared site;
2 = intense withdrawal of the abdomen or jumping. The
reported values are the total scores for the responses to 10
challenges. The observer was unaware of the mouse’s exper-
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imental condition. Behavioral testing was performed on days
14 and 28 after tumor inoculation.

Hunching behavior was examined as described previously
with some modifications."* Briefly, mice were placed indi-
vidually in the center of an open field arena and observed for
180 s. The hunching score was the total time (s) the mouse
exhibited hunching behavior multiplied by the scoring fac-
tor, which was defined according to Sevcik et al'%: 0 =
normal coat luster, displays exploratory behavior; 1 = mild
rounded-back posture, displays slightly reduced exploratory
behavior, normal coat luster; 2 = severe rounded-back pos-
ture, displays considerably reduced exploratory behavior, pi-
loerection, intermittent abdominal contractions. Behavioral
testing was performed on days 14 and 28 after tumor inocu-
lation. The observer was unaware of the mouse’s experimen-
tal condition. Behavioral testing was performed on days 14
and 28 after tumor inoculation.

In the model of CFA-injected inflammatory pain, hyper-
sensitivity of the paw to mechanical stimulation was quanti-
fied by counting the number of paw withdrawals in response
to the application of mechanical stimulation (von Frey fila-
ments with a bending force of 0.02 g) to the right paw.>! von
Frey filaments were applied to the plantar surface of the hind
paw for 3 s (two applications at an interval of at least 5 s).
Paw-withdrawal behavior was scored as defined by Narita et
al?': 0 = no response, 1 = a slow and/or slight response to
the stimulus, 2 = a quick withdrawal response away from the
stimulus without flinching or licking, 3 = an intense with-
drawal response away from the stimulus with brisk flinching
and/or licking. The final score for each filament was the
average of two scores per paw. Morphine hydrochloride
(Sankyo, Tokyo, Japan) was dissolved in physiologic saline.
Behavioral testing using morphine was performed at day 28
after tumor inoculation in tumor-bearing mice, at 6 h after
the last injection of caerulein (50 pg/kg and six times) in the
acute pancreatitis model, or at 3 days after the injection of
CFA in the inflammatory pain model. In the current study,
the analgesic effects of morphine or saline were assessed at 30
min (peak time) after subcutaneous injection by an observer
who was blind to the type of treatment. The effects of mor-
phine were assessed in terms of the percentage changes from
the basal values (before morphine injection).

Immunohistochemistry

Twenty-eight days after the inoculation of tumor cells, mice
were deeply anesthetized with isoflurane and perfused with
paraformaldehyde (4%; pH 7.4). The spinal cord and dorsal
root ganglia (DRG) were removed rapidly and postfixed in
4% paraformaldehyde for 2 h. Sections of the spinal cord
(T10=T11) and DRG (T10-T12) were prepared as de-
scribed previously.”> Frozen sections of spinal cords and
DRGs were cut at 20 and 10 pum, respectively, using a cryo-
stat (Leica CM1510; Leica Microsystems, Heidelberg, Ger-
many). The sections were blocked in normal horse serum
(10%) in 0.01 M PBS for 1 h at room temperature. Each
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primary antibody was diluted in 0.01 M PBS containing
normal horse serum (10%; 1:5,000 c-Fos; Calbiochem, La
Jolla, CA), 1:200 substance P (Neuromics, Edia, MN),
1:250 p-opioid receptor (MOR; a gift from Masahiko Wa-
tanabe, M.D., Ph.D., Hokkaido University Graduate School
of Medicine, Sapporo, Japan, October 2010), and anti-
MOR antibody against the 1-38 amino acid sequence of the
mouse MOR N-terminus® and incubated for 1 day at 4°C.
They were then rinsed and incubated with each secondary
antibody conjugated with Alexa 488 and Rhodamine Red for
2 h at room temperature. The slides were coverslipped with
PermaFluor Aqueous mounting medium (Immunon, Pitts-
burgh, PA), and the fluorescence of immunolabeling was
observed by confocal microscopy (LSM510 Meta; Carl
Zeiss, Jene, Germany). The anti-MOR antibody used in this
study has been shown to be quite specific.”> The dorsal horn
was divided into a superficial layer (L1-2 laminae) and a deep
layer (L3-5 laminae), and the number of c-Fos—positive cells
was counted in each layer.” The cells in 10 randomly se-
lected sections for each marker in each animal were counted,
and the average value was determined for each animal. The
number of MOR- and substance P-positive profiles in the
DRGs was counted as described previously.” Briefly, the
percentages of MOR- and substance P-positive profiles were
determined by counting approximately 2,200 T10-T12
DRG neuronal profiles in tumor-bearing and control mice.
We also determined the number of double-positive cells
among 500800 MOR-positive profiles in each mouse. Be-
cause we did not use a stereological approach, this quantifi-
cation may have led to biased estimates of the true numbers
of cells and neurons. All counting was performed by an as-
sistant who was blind to the treatment group for the respec-
tive sections. To avoid counting neuronal cell bodies twice,
for each DRG, we counted sections that were 50 pm apart.

Real-time Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

Total RNA was isolated from the thoracic 6-13 thand L1-3
DRG using ISOGEN (Nippon Gene Co., Ltd., Tokyo, Ja-
pan) according to the manufacturer’s instructions. To obtain
first-strand complementary DNA, 5 ug total RNA was in-
cubated in 100 pl buffer containing 10 uM dithiothreirtol,
2.5 mM MgCl,, deoxyriboside-triphosphate mixture, 50
units of reverse transcriptase II (Invitrogen) and oli-
go(dT)12-18 (Invitrogen). Diluted complementary DNA
(2 pl) was amplified in a rapid thermal cycler (LightCycler
480; Roche Diagnostics, Mannheim, Germany) in 10 ul
LightCycler 480 SYBR Green I Master (Roche Diagnostics)
and each oligonucleotide. Primer sequences for the genes
of interest (substance P, calcitonin gene-related peptide
[CGRP], MOR, and glyceraldehyde-3-phosphate dehydro-
genase) are shown in table 1. Size and melting curve analyses
were performed to confirm that polymerase chain reaction
(PCR) amplicons were specific. To quantify the PCR prod-
ucts, LightCycler 480 quantification software was used to
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Table 1. Primer Sequences for the Mouse Genes
Characterized in this Experiment

Primer

Forward primer: 5 TGTCCGTCGTGG
ATCTGAC 3’
Reverse primer: 5' CCTGCTTCACCA

CCTTCTTG 3’
Forward primer: 5" AAGCCTCAGCAG

TICTTTGG 3’
Reverse primer: 5 TCTGGCCATGTC

CATAAAGA 3’

Forward primer: 5 TGCAGGACTATA
TGCAGATGAAA 3’

Reverse primer: 5" GGATCTCTTCTG
AGCAGTGACA &'

Forward primer: 5 AGCCCTTCCATG

GTCACA 3’
Reverse primer: 5' GGTGGCAGTCTT

CATTTTGG 3’

Gene

GAPDH

Substance P

CGRP

MOR

CGRP = calcitonin gene-related peptide; GAPDH = glyceralde-
hyde-3-phosphate dehydrogenase; MOR = pn-opioid receptor.

analyze the exponential phase of amplification and the melt-
ing curve, as recommended by the manufacturer. The
amount of target messenger RNA (mRNA) in the experi-
mental group relative to that in the control was determined
from the resulting fluorescence and threshold values (Crp)
using the 2-AACT method.*® Each experiment was run
twice, and samples were run in duplicate. For each sample, a
AC; value was obtained by subtracting the mean C;- value
for the control gene (glyceraldehyde-3-phosphate dehydro-
genase) from that for the gene of interest (substance P,
CGRP, and MOR). The average ACy- value for the control
group was then subtracted from the value of each animal in
the experimental group to obtain AACr. The fold change
relative to the control was then determined by calculating
2788CT £ each sam ple, and the results are expressed as the
group mean fold change & SD.

Statistical Analysis

All data are presented as the mean * standard deviation
(SD). All the statistical parameters used in the experiments
were calculated using GraphPad PRISM (version 5.0a;
GraphPad Software, La Jolla, CA). The statistical signifi-
cance of differences between groups was assessed with one-
way ANOVA followed by the Bonferroni multiple compar-
isons test or unpaired Student 7 test (two-tailed). A P value
of < 0.05 was considered statistically significant.

Results

Characterization of the Peritoneal Metastasis Model

To analyze the progression of peritoneal dissemination of
tumor cells, luciferase gene-transfected 60AsG cells were im-
planted into the abdominal cavities of mice (10° cells/cavity).
Photon-counting analyses were performed at the site of dis-
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