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BACKGROUND AND PURPOSE

Long-term morphine treatment enhances pain neurotransmitter [such as calcitonin gene-related peptide (CGRP)] levels in the
spinal cord. It has been suggested previously that increased spinal CGRP may contribute to sustained morphine-mediated
paradoxical pain sensitization and antinociceptive tolerance. Previous in vitro studies from our group indicated that Raf-1
kinase-mediated adenylyl cyclase superactivation played a crucial role in sustained morphine-mediated augmentation of basal
and evoked CGRP release from cultured primary sensory neurons. The present study was aimed to evaluate the physiological
significance of this molecular mechanism in vivo, in rats.

EXPERIMENTAL APPROACH

Rats were intrathecally (i.th) injected with a Raf-1-selective small interfering RNA (siRNA) mixture for 3 days and were
subsequently infused with saline or morphine, s.c. for 7 days. Thermal and mechanical sensory thresholds of the animals were
assessed by daily behavioural tests. After final behavioural testing (day 6), spinal cords were isolated from each animal group
and spinal CGRP and Raf-1 protein levels were measured using ELISA and immunohistochemistry.

KEY RESULTS

Selective knockdown of spinal Raf-1 protein levels by i.th Raf-1-selective siRNA pretreatment significantly attenuated sustained
morphine-mediated up-regulation of CGRP immunoreactivity in the spinal cord of rats and prevented the development of
thermal hyperalgesia, mechanical allodynia and antinociceptive tolerance.

CONCLUSIONS AND IMPLICATIONS

Raf-1 played a significant role in sustained morphine-mediated paradoxical pain sensitization and antinociceptive tolerance

in vivo. These findings suggest novel pharmacological approaches to improve the long-term utility of opioids in the treatment
of chronic pain.

Abbreviations

AC, adenylyl cyclase; CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglion; dsRNA, double-stranded RNA;
ELISA, enzyme-linked immunosorbent assay; i.th, intrathecal; PKA, protein kinase A; Raf-1, c-Raf or Raf-1 kinase; siRNA,
small interfering RNA
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Introduction

Opioid medication is commonly used for the clini-
cal treatment of moderate to severe acute and
chronic pain (Arner ef al., 1988). Prolonged admin-
istration of opiates results in the development of
analgesic tolerance, wherein over time, higher doses
of the drug are required to produce the same degree
of analgesia (Arner efal.,, 1988). Such increased
opiate doses are more likely to produce serious side
effects and drug addiction (Arner et al., 1988). Sus-
tained opioid exposure was also found to cause a
paradoxical pain sensitization that may contribute
to the need for opioid dose escalation in order to
achieve pain relief (Mao et al., 1995; Vanderah et al.,
2000; 2001).

It was shown previously that prolonged opiate
administration up-regulates pain neurotransmitter
[such as calcitonin gene-related peptide (CGRP)]
levels in the primary sensory neurons (Ma etal.,
2000) and augments evoked CGRP release in the
spinal cord of rats (Gardell et al., 2002). The time
course of enhanced spinal CGRP release correlated
with the onset of paradoxical pain sensitization and
antinociceptive tolerance. The cellular and molecu-
lar mechanisms underlying sustained morphine
treatment-mediated augmentation of spinal pain
neurotransmitter release are currently not entirely
clear.

Previous investigations have indicated that in
cultured neurons as well as in recombinant model
cells, sustained opioid treatment increases the sen-
sitivity of adenylyl cyclase(s) (AC) towards stimula-
tors (AC superactivation) leading to increased
intracellular cAMP (cyclic AMP) concentrations
(Sharma et al., 1977; Rubenzik et al., 2001; Varga
etal., 2003a,b). AC superactivation has been pro-
posed as a putative cellular mechanism of opioid
tolerance (Sharma et al., 1977). We hypothesize that
— by activation of protein kinase A (PKA) — AC super-
activation may play an important role in regulating
pain neurotransmitter release from the primary
sensory neurons (Figure 1).

Raf-1 is the most studied kinase in the mitogen-
activated protein kinase (MAP kinase) pathway, con-
sisting of Raf-1/MEKK/MAPK (Morrison and Cutler,
1997). Raf-1 kinase also plays a key role in phospho-
rylation of certain AC isoenzymes (Tan et al., 2001).
Previous studies from our laboratory indicated that
in recombinant cells stably expressing human
opioid receptor types, sustained opioid agonist
treatment causes AC superactivation in a Raf-1-
dependent manner (Varga et al., 2003a,b; Yue et al.,
2006; see Figure 1). Our recent in vitro experiments
have shown that Raf-1 also plays a crucial role in
sustained morphine-mediated AC superactivation
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Figure 1

The putative molecular mechanism of sustained morphine-mediated
augmentation of basal and capsaicin-evoked such as calcitonin gene-
related peptide (CGRP) release from primary sensory neurons. Sus-
tained opioid agonist (such as morphine) treatment causes the
phosphorylation of adenylyl cyclase(s) (Varga et al.,, 1999) in a Raf-
1-dependent manner (Varga et al., 2003a,b). Raf-1-mediated phos-
phorylation augments the catalytic activity of adenylyl cyclase(s) (Tan
et al, 2001) leading to increased forskolin-stimulated (Malatynska
et al, 1996; Rubenzik et al., 2001; Varga et al., 2003a,b; Yue et al.,
2008) and basal (Tumati et al., 2009) cAMP formation. In cultured
primary sensory neurons increased cellular cAMP formation leads to
a cAMP-regulated protein kinase A (PKA)-dependent augmentation
of basal (Yue et al., 2008) and capsaicin-evoked (Tumati et al., 2009)
CGRP release.

in cultured neonatal rat primary sensory dorsal root
ganglion (DRG) neurons (Yue et al., 2008) and that
inhibition of either PKA or Raf-1 activity attenuates
sustained morphine-mediated augmentation of
both basal (Yue etal., 2008) and evoked (Tumati
et al., 2009) CGRP release from cultured neonatal rat
primary sensory neurons in vitro.

The aim of the present study was to evaluate the
in vivo role of Raf-1 in the development of sustained
morphine-mediated paradoxical pain sensitization
and antinociceptive tolerance. Our data demon-
strated that selective knock-down of spinal Raf-1
protein levels by intrathecal (i.th) Raf-1-selective
small interfering RNA (siRNA) pretreatment
attenuated the sustained morphine-mediated
up-regulation of CGRP immunoreactivity in the
spinal cord of rats and prevented the development
of thermal hyperalgesia, mechanical allodynia and
antinociceptive tolerance in rats.

Methods

Animals
Handling, care, maintenance and testing of the
animals were performed in accordance with the



policies and recommendations of the International
Association for the Study of Pain and the National
Institutes of Health guidelines for the handling and
use of laboratory animals. The experimental proto-
col was approved by the Animal Care and Use Com-
mittee of the University of Arizona.

Adult (200-225 g) male Sprague-Dawley rats
(Harlan Sprague-Dawley, Indianapolis, IN, USA)
were kept in a climate-controlled room on a 12 h
light/dark cycle with food and water available ad
libitum.

Intrathecal catheter implantation

For catheter implantation, the rats (4-6 animals in
each treatment group) were anaesthetized by
ketamine-xylazine (80 mg-mL™' ketamine hydro-
chloride and 20 mg-mL™ xylazine hydrochloride
given at a dose of 1mL-kg?, ip.) and were
implanted with i.th catheters (8 cm polyethylene-10
tubing) so that the catheter terminated in the
lumbar region of the spinal cord (Yaksh and Rudy,
1976). The exteriorized end of the catheter was
secured by exposing it to a mild flame. The animals
were allowed to recover for 7 days before any further
experimental manipulations. Animals with signs of
motor weakness or paralysis were excluded from
further experimentation. Prior to drug treatment,
the free flow of fluids through the catheters
(patency) was verified by injecting saline solution
and the animals were subjected to baseline nocice-
ptive tests as described below. The experimental
design for surgery and drug treatment is represented
in Figure 2.

Intrathecal siRNA administration

The rat Raf-1-selective siRNA mixture (Smart pool
Dharmacon Inc., Chicago, IL, USA # L-087699-00)
and the control, non-targeting double-stranded
RNA (dsRNA) construct (Dharmacon Inc., Chicago,
IL, USA #D-001810-01-20) were reconstituted in
double distilled RNAse-free water to a stock concen-
tration of 100 uM and stored in aliquots at —80°C.
On the first day of the experiment aliquots of the
dsRNA (Raf-1 siRNA or non-targeting dsRNA) stock
solutions were mixed (1:5 v/v) with a transfection
reagent (i-Fect; Neuromics, Edina, MN, USA) to
achieve a final concentration of 2 pg per 10 uL and
were administered to the appropriate rat groups
through the i.th catheters, once daily for 3 days, as
described by Luo et al. (2005). In the vehicle control
group, each rat received 10 uL of i-Fect reagent only.
i.th dsRNAs or transfection agent injections alone
did not cause any overt sign of behavioural toxicity.

Sustained morphine administration
After 3 days of pretreatment with transfection lipid
or Raf-1 siRNA or non-targeting dsRNA, osmotic
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Figure 2

Experimental design. (A) All the rats used for the study were intrath-
ecally catheterized, followed by a 7 day recovery period. (B) On the
eighth day, represented as day —3 (D-3), all the animals were
assessed for paw withdrawal latencies (Radiant heat test), paw with-
drawal thresholds (VonFrey filament test) and tail flick latencies (tail
flick test). (C) After assessment, the animals received once-daily
injections (intrathecal; i.th) of vehicle (transfection reagent, 10 puL) or
Raf-1  siRNA  (2pug per 10uL) or non-targeting dsRNA
(2 ug-107"-uL™) for 3 days until day —1. (D) On day 0, all the animals
were reassessed followed by osmotic minipump implantation into
the subcutaneous space close to the thoracic region on the dorsal
side. Saline (1 uL-h™") or morphine (45 nmol-uL™"-h™") was delivered
for 7 days through the minipumps. (E) All of the animals were
checked for paw withdrawal latency and threshold 6 h (one-fourth
day) after saline or morphine pump implantation. Acute antinocice-
ption was measured after 6 h. (F) From day 1 to day 6, the animals
received vehicle or Raf-1 siRNA or non-targeting dsRNA every other
day as described in Figure 3. Paw withdrawal latencies and thresh-
olds, tail flick latencies were measured once daily. Finally, on day 6,
the animals were challenged with three doses of morphine (1, 3,
10 pg per 10 uL), and acute nociception was recorded using tail flick
test. The remaining animals were killed either for measurement of
calcitonin gene-related peptide content in their spinal cords or for
immunohistochemistry experiments.

minipumps (Alza, Mountain view, CA, USA) were
implanted into the subcutaneous space by making a
1 cm incision on the dorsal surface of the skin. The
minipumps were pushed deep into the skin such
that they are closer to the thoracic region in
each rat for sustained delivery of morphine
(45 nmol-uL"-h™) or saline (1 uL-h™") for 7 days. The
above concentration of morphine was selected as
per Gardell et al. (2002) and Vanderah et al. (2000).
Alternate day treatments with the appropriate
siRNA or transfection lipid continued throughout
sustained morphine treatment (see Figure 2).

Behavioural tests

Thermal hyperalgesia. The method of Hargreaves
et al. (1988) was used to assess the sensitivity of rats
to a mildly noxious thermal stimulus, as previously
described (Gardell et al., 2002). Briefly, the animals
were placed in a plexi-glass container equipped with
a wire-mesh floor and a radiant heat source was
focused onto the plantar surface of their hind-paw.
Paw withdrawal latencies were measured using a
motion detector, before (baseline), during and after
sustained drug (morphine or saline) administration
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Table 1

Experimental animal groups in the study

Experimental animal group Explanation

Raf-1 siRNA + saline

Non-targeting dsRNA + saline

Vehicle-pretreated + morphine

Raf-1 siRNA + morphine

Non-targeting dsRNA + morphine

Naive Animals were not subjected to surgery or any drug intervention

Vehicle-pretreated + saline (control)  Animals received vehicle (transfection reagent, 10 uL) intrathecally once daily for 3 subsequent
days, then implanted with saline osmotic minipumps s.c. delivering saline at 1 uL-h™" for 7 days
during which vehicle is given every other day

Animals received Raf-1 siRNA (2 ug per 10 pL) intrathecally once daily for 3 subsequent days, then
implanted with saline osmotic minipumps s.c. delivering saline at 1 pL-h~' for 7 days during
which Raf-1 siRNA is given every other day

Animals received non-targeting dsRNA (2 ug per 10 pL) intrathecally once daily for 3 subsequent
days, then implanted with saline osmotic minipumps s.c. delivering saline at 1 uL-h™" for 7 days
during which non-targeting dsRNA is given every other day

Animals received vehicle (transfection reagent, 10 L) intrathecally once daily for 3 subsequent
days, then implanted with morphine osmotic minipumps s.c. delivering morphine at
45 nmol-uL™"-h~" for 7 days during which vehicle is given every other day

Animals received Raf-1 siRNA (2 pg per 10 pL) intrathecally once daily for 3 subsequent days, then
implanted with morphine osmotic minipumps s.c. delivering morphine at 45 nmol-uL"-h~" for 7
days during which Raf-1 siRNA is given every other day

Animals received non-targeting dsRNA (2 ug per 10 pL) intrathecally once daily for 3 subsequent

days, then implanted with morphine osmotic minipumps s.c. delivering morphine at
45 nmol-uL™"-h" for 7 days during which non-targeting dsRNA is given every other day

(see Figure 2). A maximal cut-off of 33 s was used to
prevent tissue damage. All the treatment groups
were indicated in Table 1. Six individual animals
were included in each treatment group.

Mechanical allodynia. Paw withdrawal threshold in
response to mild, normally innocuous tactile stimuli
were determined by probing with von Frey fila-
ments (0.4-15.1 gm), as previously described (Van-
derah etal.,, 2000). The filaments were applied
perpendicularly to the plantar surface of the right
hind-paw of the rats. Paw withdrawal thresholds
were measured by sequentially increasing and then
decreasing the stimulus strength (‘up-and-down’
method). The data were analysed using the Dixon
non-parametric test (Dixon, 1980; Chaplan et al.,
1994). All the treatment groups were indicated in
Table 1. Six individual animals were included in
each treatment group.

Antinociceptive tolerance. Nociceptive testing was
performed by placing the distal third of the tail of
the rats in a 52°C water bath, as described previously
(Vanderah efal.,, 2000). The latency of tail-
withdrawal was measured with an accuracy of 0.1 s.
A cut-off time of 10 s was used to prevent tissue
injury. Morphine (1, 3 and 10 ug per 5 ulL) dose-
antinociceptive response curves were measured for
the rats before (naive) and after siRNA or vehicle
pretreatment and sustained (6 days) of morphine or
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saline (control) infusion. The applied morphine
doses were selected based on the previous investiga-
tions of Vanderah et al. (2000). Data were converted
to percent of maximal possible effect (MPE) to gen-
erate dose-response curves by the following
formula: (response latency — baseline latency)/(cut-
off — baseline latency) x 100. The animals were con-
sidered tolerant if they exhibited significant (P <
0.05) reduction in their tail-withdrawal latency in
response to the morphine dose (10 pg per 5 uL') that
produced 90% of the MPE in the naive animals (Aq).
The tolerant animals would show a considerable
rightward shift in the acute (30 min) morphine
dose-antinociceptive response. The Ay dose was cal-
culated in all the treatment groups by extrapolation
of the dose-response curves. All the treatment
groups were indicated in Table 1. Five individual
animals were included under each treatment group.

Spinal cord extraction and tissue preparations
After behavioural tests, the animals were deeply
anaesthetized with halothane and killed by decapi-
tation. The spinal columns were cut through at the
pelvic girdle and were hydraulically extruded with
ice-cold saline by inserting a 16-gauge needle into
the sacral vertebral canal. The spinal tissues were
placed on ice and the dorsal halves of the lumbar
areas were dissected. The tissue samples were imme-
diately frozen in liquid nitrogen and stored at -80°C
until the time of the assays.



Measurement of spinal Raf-1 protein level

Frozen spinal cord tissues were thawed and placed
in a homogenization buffer [20 mM Tris, 4 mM
EDTA, 2 mM EGTA, 1% protease inhibitor cocktail
(Sigma, St. Louis, MO, USA), pH 8.0] and homog-
enized on ice with a polytron homogenizer. After
centrifugation (10 000x g, 30 min, 4°C), the super-
natants were collected and boiled in reducing SDS
sample buffer (Invitrogen, Carlsbad, CA, USA) for
5 min. Total protein concentrations were deter-
mined in each sample by the Bradford assay (Brad-
ford, 1976), using serial bovine serum albumin
solutions as standards. Sample aliquots containing
10 pg total soluble protein were resolved on 10%
SDS-polyacrylamide gels (NuPAGE, Invitrogen,
Carlsbad, CA, USA) and transferred to nitrocellu-
lose membranes. Raf-1 protein level was detected
by incubating with a rabbit Raf-1-specific primary
antibody (1:1000, Millipore, Billerica, MA, USA)
and a horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:100 000, Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA). As an
internal control, we also performed Western blots
for each sample using a primary antibody against
the ‘housekeeping’ protein, B-actin (1:10 000,
Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) and a horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody (1:100 000, Santa
Cruz Biotechnology). Immunoreactive bands were
detected using the SuperSignal West Dura chemi-
luminescent detection kit (Pierce Technology,
Thermo Scientific, Rockford, IL, USA). The intensi-
ties of the Raf-1 immunoreactive bands were nor-
malized for the ODs of the control B-actin bands in
each sample. Optical densities of the chemilumi-
nescent bands were determined using the Image ]
software (NIH). Spinal cords from each treatment
group have been included in this study, and four
individual animals were included per treatment

group.

Measurement of spinal CGRP concentration
Spinal cord tissues were thawed and homogenized
in homogenization buffer as described in the previ-
ous section. After centrifugation (10 000x g, 30 min,
4°C), the supernatants were collected and total
protein concentrations were determined by the
Bradford method. A CGRP enzyme immunoassay kit
(Cayman Chemicals, Ann Arbor, MI, USA) contain-
ing an antibody specific for rat CGRP (1-17) was
used to measure CGRP concentrations in the super-
natants. Standard curves were constructed using
synthetic CGRP solutions. CGRP content was calcu-
lated using the Graph Pad Prism 4.0 software (San
Diego, CA, USA).

The role of Raf-1 in morphine tolerance

Immunohistochemistry

Immunohistochemistry was performed by a proto-
col modified from Gardell etal. (2002). Briefly,
after behavioural testing, the rats were anaesthe-
tized with intraperitoneal Kketamine-xylazine
(100 mg-kg™) injections and transcardially perfused
with 0.1 M phosphate-buffered saline (PBS) (pH 7.4)
until the exudate ran clear and then with 10% for-
malin for 15 min. Lumbar (L) spinal cords were har-
vested. The tissues were fixed in 10% formalin
solution overnight and cryoprotected with 20%
sucrose in 0.1 M PBS. The fixed tissues were satu-
rated with 30% sucrose in 0.1 M PBS solution and
embedded in Tissue-Tek Optimal Cutting Tempera-
ture Compound (Sakura, Torrance, CA, USA) and
sliced in a cryostat at —20°C. Serial spinal cord sec-
tions (20 um each) were placed onto slides so that
each slide contained an ordered series from the
lumbar spinal cord. The mounted lumbar spinal
cord sections were extensively rinsed and blocked in
0.1 M PBS containing 10% goat serum, for 2 h, at
room temperature. The sections were incubated
with a guinea pig anti-CGRP antiserum (1:40 000;
Peninsula Laboratories, Belmont, CA, USA) in 0.1 M
PBS containing 2% goat serum and 0.3% Triton
X-100 overnight at 4°C, followed by washing and
incubation (2h) with an Alexa Fluor 594-
conjugated goat anti-guinea pig secondary antibody
(1:1000; Molecular Probes, Eugene, OR, USA). After
immunoreactions, the sections were rinsed and
mounted in the Vectashield (Vector Laboratories,
Burlingame, CA, USA) mounting medium. Fluores-
cence images were digitally captured using a Nikon
(Tokyo, Japan) E800 fluorescence microscope,
equipped with the appropriate standard filters.
Images were acquired and analysed using a
Hamamatsu C5810 colour CCD camera and its pro-
prietary Image Processor Software (Hamamatsu,
Bridgewater, NJ, USA). The acquired images were
processed using Adobe PhotoShop (Adobe Systems,
San Jose, CA, USA).

Data analysis

Thermal and tactile hypersensitivity data were
analysed by two-way repeated measures ANOVA
and/or two-way ANOVA (post hoc, Newman-Keuls)
while, the measurement of CGRP content data and
antinociceptive tolerance data were analysed by
non-parametric one-way ANOVA (post hoc, Newman-
Keuls) using the GraphPad Prism 4.0 software. A
non-parametric repeated measure one-way ANOVA
(post hoc, Newman-Keuls) was also performed to
compare the baselines with the entire time course
within each treatment group (within-subjects com-
parison for variation over time). Statistical ditfer-
ences were considered significant at P < 0.05 (*P <
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Figure 3

(A) Intrathecal Raf-1-selective siRNA pretreatment reduces Raf-1 protein levels in rat lumbar spinal cord homogenates. Male Sprague-Dawley rats
received intrathecal (i.th) injections of transfection reagent (lanes 1-2), 2 ug per 10 uL Raf-1-specific siRNA once (lanes 3-5) or twice (a total of
4 g per day, lanes 6-8) daily for 3 days. After i.th siRNA pretreatment for respective number of days, lumbar spinal cord sections were harvested
and homogenized. The lumbar spinal cord homogenates from each rat were loaded on 8% SDS-polyacrylamide gel and Western blots were
performed with primary antibodies against Raf-1 and B-actin. B-Actin is used as a loading control (see Methods). Lane M: molecular weight
markers. (B) Recovery of Raf-1 protein levels in rat lumbar spinal cord homogenates after 3 days of i.th Raf-1 siRNA administration. Male
Sprague-Dawley rats received i.th injection of 2 ug per 10 uL™' Raf-1-specific siRNA once daily on days 1, 2 and 3 (lanes 1-3). Starting from day
4, the Raf-1 levels were allowed to recover until day 9 (lanes 3-9). After i.th pretreatment, lumbar spinal cord homogenates from each rat were
loaded on 8% SDS-polyacrylamide gel and Western blot was performed with primary antibody against Raf-1. Lane M: molecular weight markers.
Hence, we decided to administer Raf-1 siRNA every other day to maintain the knock-down levels of Raf-1. Each lane represents the protein loaded

from each animal. A total of three animals were used per group.

0.05, **P < 0.01 and ***P < 0.001). Data were repre-
sented as mean *= SEM, unless otherwise indicated.

Materials

Ketamine hydrochloride and xylazine hydrochlo-
ride were from Sigma-Aldrich, St. Louis, MO, USA;
halothane from Associated Medical Supply, Scotts-
dale, AZ, USA and morphine from the National
Institute on Drug Abuse, Bethesda, Maryland, USA.
Receptor and ion channel nomenclature used in this
manuscript follows Alexander et al. (2009).

Results

Intrathecal Raf-1-selective siRNA treatment
significantly reduces Raf-1 protein level in the
lumbar spinal cord of rats

After vehicle or siRNA pretreatments (see Figure 2),
each group of rats was implanted with a subcutane-
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ous minipump for continuous drug (saline or
morphine) delivery. This procedure caused no
behavioural abnormalities (ataxia, catatonia, loss of
righting, or placement response) in the animals
under study.

Treatment groups used were explained in detail
in Table 1. Raf-1 protein level in the lumbar spinal
cords of naive, animals pretreated with vehicle, Raf-
1-selective siRNA mixture or non-targeting dsRNA
was assessed by Western blots. A total of three inde-
pendent animals per each group were used in this
study. In lumbar spinal cord extracts from naive
rats, the Raf-1-selective antibody recognized a
diffuse band in the molecular weight range of
72-74 kDa (Figure 3A, lanes 1 and 2). i.th Raf-1-
selective siRNA pretreatment significantly reduced
Raf-1 protein levels in the lumbar spinal cord tissue
homogenates (Figure 3A, lanes 3-8). Quantitative
analyses of the immunoreactive bands (Raf-1 immu-
noreactive bands vs. the respective B-actin protein



bands) indicate that i.th pretreatment with 2 ug
dose of Raf-1-selective siRNA, once daily for 3 days
reduced Raf-1 protein levels to 90 * 7% relative to
naive control (Figure 3A, lanes 3-5). Because i.th
pretreatment with a larger siRNA dose (4 ug per day;
3 days) did not cause any further reduction in spinal
Raf-1 protein levels (Figure 3A, lanes 6-8), we
selected the 2 ug dose for Raf-1-selective siRNA treat-
ment for further experiments.

In order to determine the time schedule for
Raf-1 siRNA treatment, we also determined the
time course of spinal Raf-1 recovery after the ces-
sation of the siRNA pretreatment. Animals were
treated with Raf-1-selective siRNA every day until a
significant reduction in the Raf-1 protein levels was
noticed (3 days) and then Raf-1 protein levels were
allowed to recover by stopping the Raf-1 siRNA
administration. Raf-1 levels in the lumbar spinal
cord were monitored using Western blots for a
period of 9 days (Figure 3B). Our experiments indi-
cated that Raf-1 protein levels remained at reduced
levels for 2 days after the cessation of the siRNA
pretreatment but started to recover from the third
day (Figure 3B). Thus, in order to maintain reduced
Raf-1 protein levels, in further experiments a main-
tainence dose (2 ug) Raf-1 siRNA was given i.th
every other day throughout the entire experimen-
tal protocol.

Intrathecal administration of Raf-1-selective
siRNA attenuates sustained
morphine-mediated augmentation of CGRP
immunoreactivity in the dorsal horn of the
lumbar spinal cord

Calcitonin gene-related peptide concentration in
lumbar spinal cord dorsal horn homogenates was
measured by enzyme immunoassay. Basal CGRP
content in the lumbar dorsal horn tissue of vehicle
saline-infused rats was 1470 = 260 pg-(mg pro-
tein). As shown in Figure 4, sustained (6 days)
morphine treatment augmented CGRP content by
125% (P < 0.01 relative to saline control group,
one-way ANOVA, n = 4). i.th pretreatment with a
Raf-1-selective siRNA mixture significantly attenu-
ated sustained (6 days) morphine-mediated aug-
mentation of CGRP immunoreactivity in the
dorsal horn of the lumbar spinal cord (P > 0.05
relative to the vehicle-pretreated saline group, one-
way ANOVA, n = 4) (Figure 4). The CGRP content in
animals pretreated with the non-targeting dsRNA
and receiving saline was similar to the basal CGRP
value in the vehicle-pretreated saline-infused
animals (P > 0.05, one-way ANOVA, n = 4). The
CGRP content in animals pretreated with the non-
targeting dsRNA and receiving morphine was
similar to the vehicle-pretreated morphine-infused
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Figure 4

Intrathecal Raf-1-selective siRNA pretreatment attenuates sustained
morphine-mediated augmentation of calcitonin gene-related
peptide (CGRP) levels in lumbar spinal cord homogenates of rats.
Male Sprague-Dawley rats were subcutaneously implanted with
osmotic minipumps delivering sustained saline or 45 nmol-uL™"-h™"
morphine infusion for 7 days. CGRP content in the supernatants of
lumbar dorsal horn homogenates was measured using a rat CGRP EIA
kit (Cayman Chemicals) (see Methods). Sustained morphine treat-
ment significantly augmented CGRP concentration in the lumbar
dorsal horn of rats (**P < 0.01 relative to the vehicle saline-infused
group; one-way ANOVA; n = 4). Interestingly, pretreatment with the
Raf-1-selective siRNA significantly reduced sustained morphine-
mediated up-regulation of CGRP content (P> 0.05 relative to vehicle
saline-infused group; one-way ANOVA; n = 4). Results from rats pre-
treated with non-targeting dsRNA were similar to those from vehicle-
pretreated rats indicating that the effects of Raf-1 siRNA are specific
(refer to Results section).

animals (P < 0.01 relative to vehicle-pretreated
saline group, one-way ANOVA, n = 4) indicating that
the effects mediated by Raf-1 siRNA were specific
(Figure 4).

We also performed immunofluorescence his-
tochemistry in lumbar spinal cord slices to confirm
our data. CGRP-like immunoreactivity in the
lumbar spinal cord of saline-treated rats was chiefly
apparent in the outer laminae (laminae I-II). Sus-
tained morphine treatment greatly increased immu-
nofluorescence intensities in these areas and also
extended immunolabelling into the deeper laminae
(Figure 5). i.th pretreatment of the rats with a Raf-
selective siRNA mixture attenuated the effect of
sustained morphine treatment on CGRP-like immu-
noreactivity in the lumbar spinal cord slices
(Figure 5). The figure is a representative of similar
immunohistochemistry data obtained from three
independent animals. In summary, data from the
immunofluorescence histochemistry and CGRP
enzyme immunoassay are in good correlation with
each other and demonstrate the role of Raf-1 in
regulation of pain neurotransmitter synthesis
and/or release in the dorsal horn of the lumbar
spinal cord of rats.
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-
Intrathecal (i.th) Raf-1-selective siRNA treatment attenuates sustained morphine-mediated augmentation of calcitonin gene-related peptide
(CGRP) immunoreactivity in the lumbar spinal cord of rats. Male Sprague-Dawley rats received i.th vehicle (A, B) or Raf-1-selective siRNA (C, D)
treatments for 3 days (see Figure 3). After pretreatment, each animal group was divided into two subgroups and received sustained subcutaneous
saline (A, C) or morphine (45 nmol-uL="-h") infusion (B, D) for 7 days. Lumbar spinal cord slices were incubated with an anti-CGRP primary

antibody followed by a fluorescent-labelled secondary antibody (Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody). Immunofluo-
rescent images were collected using a Nikon E800 fluorescence microscope. Scale bar represents 100 um. Three animals were used for the

Figure 5

immunohistochemical analysis.

Sustained morphine-induced thermal
hypersensitivity is blocked by intrathecal
Raf-1-selective siRNA pretreatment

Intrathecal catheter implantation caused no signifi-
cant change in the sensitivity of the animals
towards mildly noxious heat stimulus (baseline paw
withdrawal latencies were similar to the pre-
infusion baseline (P > 0.05, n = 6) (Figure 6). i.th
pretreatments with either the vehicle (21.2 = 0.4 s),
non-targeting dsRNA or the Raf-1-selective siRNA
alone did not alter response thresholds in rats
receiving sustained saline infusions for 7 days (P >
0.05 relative to pre-infusion baseline, two-way
ANOVA, n = 6). Paw withdrawal latencies remained
similar in the above groups throughout the 7 day
time period (P > 0.05 within each group, one-way
repeated measures ANOVA, n = 6) (Figure 6).

Acute (6 h) morphine (45 nmol-uL"-h™') admin-
istration significantly increased radiant heat paw
withdrawal latencies in vehicle-pretreated rats (P <
0.01 relative to the pre-infusion baseline, one-way
repeated measures ANOVA, n = 6). Raf-1-selective
siRNA or non-targeting dsRNA pretreatment had no
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effect on the acute antinociceptive effectiveness of
morphine (P < 0.01 in each group relative to the
vehicle saline-infused group, one-way repeated mea-
sures ANOVA, n = 6) (Figure 6). Sustained morphine
administration led to a progressive decline in the
apparent antinociceptive effect of morphine in
vehicle and in non-targeting dsRNA-pretreated
animals (P < 0.05 in each group relative to paw
withdrawal latency in the vehicle saline-infused
group, two-way ANOVA, n = 6) (Figure 6). Finally,
longer (>2 days) sustained s.c. morphine infusion
led to a gradual development of thermal hypersen-
sitivity in vehicle and non-targeting dsRNA-
pretreated animals (P < 0.05 within each group, one-
way repeated measures ANOVA, n = 6). Thermal
hyperalgesia in these animals was detectable after 3
days of morphine treatment (Figure 6) and reached
maximal level (P < 0.01 relative to the vehicle saline-
infused group, two-way ANOVA) on day 6 of mor-
phine infusion. These data indicate that i.th
treatment with dsRNA did not have non-specific
effects on the nociceptive reflexes of the rats
(Figure 6).
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Figure 6

Intrathecal Raf-1-selective siRNA treatment attenuates sustained
morphine-mediated thermal hyperalgesia. The groups of rats
included in the study were explained in Table 1. Paw withdrawal
latencies in response to radiant heat applied to the plantar surface of
the hind-paw of all the experimental groups of rats were determined
6 h after osmotic minipump implantation and once daily during the
7 days of morphine (or saline) treatment. siRNA treatment continued
on alternate days during morphine infusion. Acute (6 h or 0.25 day)
morphine treatment produced a 50% increase in paw withdrawal
latencies in all the groups that received morphine. Thermal hyper-
sensitivity was significant (P < 0.05 relative to vehicle + saline group
21.2 = 0.4s; two-way ANOVA, n = 6) in vehicle-pretreated and
non-targeting dsRNA-pretreated animals receiving morphine infu-
sion. Intrathecal pretreatment with the Raf-1-selective siRNA on the
other hand significantly attenuated sustained morphine-mediated
thermal hyperalgesia even after 6 days of sustained morphine treat-
ment (P > 0.05 relative to vehicle + saline group; two-way ANOVA, n
= 6). Six animals were included in each treatment group. BL, baseline
values.

Interestingly, i.th pretreatment of the rats with
the Raf-1-selective siRNA mixture completely
blocked the development of thermal hypersensitiv-
ity upon sustained morphine treatment. Thus, paw
withdrawal latencies in the Raf-1 siRNA-pretreated
animals were not significantly different from the
baseline even after 6 days of sustained morphine
infusion (P > 0.05 relative to that of the vehicle
saline-infused group, two-way ANOVA, n = 6).

Intrathecal Raf-1-selective siRNA treatment
blocks sustained morphine-induced
mechanical allodynia

Sustained administration of morphine by subcuta-
neous infusion through an osmotic pump
(45 nmol-uL*-h™") produced tactile allodynia in
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Figure 7

Intrathecal Raf-1-selective siRNA pretreatment attenuates sustained
morphine-mediated tactile allodynia. For description of the animal
groups see Table 1. Paw withdrawal thresholds in response to a series
of von Frey filaments applied to the plantar surface of the hind-paw
of all the experimental groups of rats were determined 6 h after
osmotic minipump implantation and once daily during the 7 days of
morphine (or saline) treatment. siRNA treatment was continued on
alternative days during morphine infusion (see Methods). Acute (6 h
or 0.25 day) morphine treatment however did not produce any
significant difference in paw withdrawal latencies relative to the
saline-infused animals. Tactile hypersensitivity was significant (P <
0.05 for the entire curve, relative to vehicle + saline group; two-way
ANOVA, n = 6) in vehicle-pretreated and non-targeting dsRNA-
pretreated animals receiving sustained morphine infusion. Intrathe-
cal pretreatment with the Raf-1-selective siRNA on the other hand
significantly attenuated sustained morphine-mediated tactile hyper-
sensitivity even after 6 days of sustained morphine treatment (P >
0.05 relative to vehicle + saline group; two-way ANOVA, n = 6). Six
animals were included in each treatment group. BL, baseline values.

vehicle-pretreated rats. Baseline paw withdrawal
thresholds were similar to the pre-infusion baseline
(P > 0.05) (Figure 7). i.th pretreatments with either
the vehicle, non-targeting dsRNA or the Raf-1-
selective siRNA alone did not alter response thresh-
olds in rats receiving sustained saline infusions for 7
days (P > 0.0S relative to pre-infusion baseline, two-
way ANOVA). In addition, the paw withdrawal
thresholds remained similar within the above
groups throughout the 7 day time period (P > 0.05
within each group, one-way repeated measures
ANOVA, n = 6) (Figure 7).

Acute (6 h) morphine (45 nmol-uL"-h™') admin-
istration did not cause any significant increase in
paw withdrawal thresholds in either treatment
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groups (P > 0.05 relative to the pre-infusion baseline,
one-way repeated measures ANOVA, n = 6) (Figure 7).
Sustained morphine administration led to a decline
in the paw withdrawal thresholds of wvehicle-
pretreated animals and non-targeting dsRNA-
pretreated animals after 5 days of sustained
morphine infusion (Figure 7). Thus, on day 6 of
continued morphine infusion, paw withdrawal
threshold in the von Frey filament test was signifi-
cantly lower than that in vehicle saline-infused
animals (P < 0.01, two-way ANOVA, n = 6) (Figure 7).

Intrathecal administration of Raf-1-selective
siRNA (2 pg per 10 pL) did not produce a significant
alteration in baseline response threshold even on
day 6 of saline infusion (P > 0.05, relative to the
vehicle-pretreated saline-infused group, two-way
ANOVA, n = 6). However, i.th Raf-1-selective siRNA
pretreatment significantly attenuated the develop-
ment of tactile allodynia after 6 days of sustained
morphine treatment (P < 0.05 relative to the vehicle-
pretreated morphine-infused group, two-way
ANOVA, 1 = 6). i.th administration of a non-targeting
dsRNA and saline infusion did not produce a signifi-
cant alteration in the response threshold to non-
noxious mechanical stimulation on day 6 (P > 0.05
relative to the vehicle-pretreated saline-infused
group, two-way ANOVA, n = 6). Furthermore, in the
non-targeting dsRNA-treated group, sustained mor-
phine treatment produced tactile allodynia on day 6
similar to the vehicle-pretreated saline group (P <
0.01 relative to vehicle-pretreated saline-infused
group, two-way ANOVA, n = 6).

Intrathecal Raf-1-selective siRNA treatment
blocks the development of

antinociceptive tolerance

Acute morphine dose-nociceptive response curves
were measured in naive rats and after sustained sys-
temic morphine or saline infusions in vehicle, Raf-1
siRNA and non-targeting dsRNA-pretreated rats
using the 52°C water tail flick test. Acute i.th mor-
phine injections (1 ug per 5 uL, 3 ug per 5 uL and
10 pg per 5 puL) produced antinociception in a dose-
dependent manner with the same Ag, value in naive
as in the vehicle-pretreated saline-infused animals
(Figure 8). The Agy dose was used to evaluate anti-
nociceptive effectiveness of morphine in vehicle-
pretreated and Raf-1 siRNA-pretreated animals that
received sustained morphine infusion. Sustained (7
days) systemic morphine (45 nmol-uL."-h™) infu-
sion caused a rightward shift in the dose-response
curve in the vehicle-pretreated animals, so that the
naive Ago dose produced only 20 * 1% of the MPE.
Upon extrapolation of the results, the dose that
produces Ag response in this group was found to be
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Intrathecal (i.th) Raf-1-selective siRNA pretreatment attenuates sus-
tained morphine-mediated antinociceptive tolerance. The groups of
animals have been described in detail in Table 1. After sustained
morphine (or saline) treatment, on day 6 the animals were chal-
lenged with acute (30 min) morphine doses and antinociceptive
dose-nociceptive response curves were measured using the 52°C hot
water tail flick test. Antinociceptive tolerance is indicated by a sig-
nificant rightward shift in the dose-response curves and by a signifi-
cant reduction in the % antinociceptive effect after receiving the
naive Ago dose (10 ug-kg™) of morphine. Agy dose was calculated for
the morphine-infused group by extrapolation of the respective dose—
response curve (refer to Results section). A total of five animals per
treatment group were included in this study. MPE, maximal possible
effect.

55 = 2.5 ug indicating the development of antinoci-
ceptive tolerance (Figure 8).

Intrathecal pretreatment of Raf-1-selective siRNA
had no effect on the antinociceptive efficacy of
acute i.th morphine in saline-infused animals (87 =
2% of MPE at the naive Ay dose) (Figure 8). The
dose that produces Ag response in the Raf-1 siRNA +
saline group was found to be similar to the Ay, dose
in naive animals. Interestingly however, the i.th Raf-
1-selective siRNA pretreatment greatly attenuated
sustained morphine-mediated rightward shift in the
acute i.th morphine dose-response curve. Thus,
re-challenge with the naive Ay dose (10 ug per 5 pL)
produced 64 * 2% antinociception in the Raf-1-
selective siRNA-pretreated rats (**P < 0.01 relative to
vehicle-pretreated morphine-infused rats, one-way
ANOVA, n = 5) with the Ay dose obtained by extrapo-
lation of the dose-response curve. Thus, i.th pre-
treatment with Raf-1 siRNA significantly attenuated
the development of antinociceptive tolerance in the
morphine-infused group (Figure 8).

Discussion and conclusions
The results of the present study demonstrate that

knock-down of Raf-1 protein levels in the lumbar
spinal cord of rats by i.th Raf-1-selective siRNA



pretreatment significantly attenuates the develop-
ment of sustained morphine-mediated thermal
hyperalgesia, tactile allodynia and antinociceptive
tolerance. In addition, our studies show that i.th
Raf-1-selective siRNA treatment also attenuates sus-
tained morphine-mediated augmentation of CGRP-
like immunoreactivity in the lumbar spinal cord.
Taken together, these data suggest that spinal Raf-1
may have an important role in the development of
sustained morphine-mediated paradoxical pain sen-
sitization and antinociceptive tolerance in vivo.

It has been well demonstrated that acute opioids
inhibit pain transmission. On the other hand, long-
term opioid treatment frequently causes a paradoxi-
cal pain sensitization in the form of hyperalgesia
and allodynia (Vanderah et al., 2000) and increases
spinal pain neurotransmitter (such as CGRP, sub-
stance P and glutamate) content in rodents (Menard
et al., 1996; Powell et al., 2000; Gardell et al., 2002;
2006) and in cultured primary sensory neurons (Ma
et al., 2000; 2001; Yue et al., 2008). Several studies
indicate that sensitization of pain neurotransmitter
release from the primary sensory DRG neurons
(peripheral sensitization) might be a crucial event in
the development of antinociceptive tolerance
(Kolesnikov et al., 1996; Stein et al., 2009), but the
underlying mechanisms are still unclear. We expect
that further understanding of the molecular mecha-
nism of sustained opioid analgesic-mediated intrac-
ellular adaptations in the primary sensory neurons
may aid in the identification of the initial step that
triggers further downstream neural system-wise
adaptations.

In the present work we demonstrated that sus-
tained morphine-mediated thermal hyperalgesia,
tactile allodynia, antinociceptive tolerance and aug-
mentation of CGRP-like immunoreactivity in the
lumbar spinal cord of rats is attenuated by knock-
down of spinal Raf-1 protein levels. The most
studied physiological role of Raf-1 is the activation
of the MAP kinase pathway (Morrison and Cutler,
1997). It is well established that acute opioids, such
as morphine activate the Raf-1/MEKK/MAPK signal
transduction cascade in recombinant cell lines (Gut-
stein etal., 1997) as well as in cultured primary
sensory neurons (Ma etal., 2001). Morphine-
mediated activation of the MAPK pathway is gener-
ally transient and desensitizes within minutes after
receptor stimulation. Interestingly however, it was
found previously that in small and medium sized
DRG neurons long-term (6 days) morphine expo-
sure markedly increases activated pERK immunore-
activity, while it does not change total ERK levels
(Ma et al., 2001). Shorter (1-4 day) morphine treat-
ment caused no increase in phosphoERK immu-
noreactivity. Consequently, it is possible that in vivo,

The role of Raf-1 in morphine tolerance

in the sensory neurons presently uncharacterized
cellular adaptations counteract the desensitization
of the Raf-1/MAPK pathway. Possible cellular adap-
tation mechanisms include a translocation of the
u-opioid receptor signalling complex into a different
cellular compartment (Bayewitch et al., 2000; Zhao
et al., 2006) or/and changes in the concentration/
activity of intracellular regulators (Eisinger and
Ammer, 2009). Thus, previous evidence suggests
that long-term morphine treatment may lead to a
sustained activation of the Raf-1/MEKK/MAPK
pathway in primary sensory neurons.

Sustained morphine-mediated activation of Raf-1
may augment CGRP synthesis and/or may promote
CGRP release in primary sensory neurons by at least
two different molecular mechanisms. Activation of
p42/44 MAP kinases may regulate CGRP gene tran-
scription in the sensory neurons. Indeed, previous
data show that inhibition of the p42/44 MAPK
pathway downstream of Raf-1 (using the MEK
inhibitor, PD98059) attenuates sustained morphine-
mediated augmentation of CGRP content in the
dorsal horn and in primary sensory neurons (Trang
et al., 2005).

The regulation of the p42/44 MAPK pathway
however may not be the only (possibly not even
the most important) physiological role of Raf-1
(Galabova-Kovacs et al., 2006). Thus, it was found
previously that Raf-1 also directly phosphorylates
several AC isoenzymes increasing their sensitivity to
excitatory modulators (AC superactivation) (Tan
et al., 2001). Sustained opioid treatment also leads
to phosphorylation and superactivation of AC in
recombinant cell lines (Sharma et al., 1975; 1977;
Avidor-Reiss et al., 1997; Rubenzik ef al., 2001; Varga
et al., 2003a,b). Both sustained morphine-mediated
AC superactivation (Bayewitch efal., 2000; Zhao
et al., 2006) and MAPK pathway activation (Zheng
et al., 2008) can be attenuated by disruption of lipid
rafts.

Sustained morphine treatment also leads to AC
superactivation and cAMP overshoot in cultured
primary sensory neurons (Yue ef al., 2006). Because
previous data (Vasko, 1995; Richardson and Vasko,
2002) indicate that intracellular cAMP concentra-
tions regulate CGRP release from cultured primary
sensory neurons, earlier we hypothesized that sus-
tained morphine-mediated Raf-1 activation and the
resulting AC superactivation may be the underlying
cause of augmented CGRP release from these cells.
Indeed, inhibition of Raf-1 activity in vitro in
cultured primary sensory neurons significantly
attenuated sustained morphine-mediated AC super-
activation (Yue et al., 2008), while inhibition of
either Raf-1 or PKA prevented sustained morphine-
mediated augmentation of basal (Yue et al., 2008)
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and capsaicin-evoked (Tumati et al., 2009) CGRP
release from cultured neonatal rat DRG neurons in
vitro. Although the above study looks at the involve-
ment of Raf-1 in CGRP release, there is a possibility
that other neurotransmitter (such as glutamate, sub-
stance P) pathways are also regulated by Raf-1 upon
sustained morphine administration.

In the present work we investigated the hypoth-
esis that prevention of sustained morphine-
mediated AC superactivation in vivo, by a selective
knockdown of Raf-1 protein levels in the dorsal
horn of the lumbar spinal cord of rats will prevent
the development of sustained morphine-mediated
thermal hyperalgesia, tactile allodynia and antinoci-
ceptive tolerance. We chose selective siRNA pretreat-
ment for in vivo knock-down of spinal Raf-1 levels
because this method provides higher selectivity
than the previously used chemical inhibitors. Our
data indicate that sustained systemic morphine
infusion to control (vehicle-treated) rats for >3 days
caused thermal hyperalgesia, tactile allodynia and
shifted acute morphine antinociceptive dose-
antinociceptive to the right (analgesic tolerance) in
agreement with the data reported in Vanderah et al.
(2000) and Tumati et al. (2008). i.th pretreatment of
the rats with a Raf-1-selective siRNA mixture on the
other hand prevented the development of thermal
hyperalgesia, tactile allodynia as well as sustained
morphine-mediated shift in the dose-response
curve of acute morphine. In our study, the reason
that knock-down of Raf-1 protein levels did not
completely  attenuate  sustained  morphine-
mediated, antinociceptive tolerance may represent
the involvement of changes at the receptor level,
such as dimerizations, desensitization and phospho-
rylation, in this process. Importantly however, Raf-
1-selective siRNA pretreatment had no effect on the
ability of morphine to produce antinociception
upon acute treatment, indicating that i.th Raf-1-
selective siRNA does not affect the normal sensory
thresholds. The effects of the siRNA treatment were
presumably selective to Raf-1, because i.th pretreat-
ment of the animals with a control, non-targeting
dsRNA had no effect on pain sensitivity in either
saline- or morphine-infused rats.

In summary, our previous investigations have
shown that Raf-1-mediated AC superactivation
plays an important role in regulation of CGRP
release from cultured primary sensory DRG neurons
in vitro, while data from the current investigation
demonstrates that this molecular mechanism also
plays an important physiological role in vivo, in the
development of thermal hyperalgesia, tactile allo-
dynia and antinociceptive tolerance upon sustained
morphine treatment of rats. Based on the current
experimental data we expect that co-administration
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of opioid analgesics with a Raf-1 inhibitor may
prove to be a useful strategy to prevent paradoxical
pain sensitization and antinociceptive tolerance in
the treatment of chronic pain.
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