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Abstract
Prolonged morphine treatment increases pain sensitivity in many patients. Enhanced spinal
Substance P release is one of the adaptive changes associated with sustained opioid exposure. In
addition to pain transmitting second order neurons, spinal microglia and astrocytes also express
functionally active Tachykinin NK1 (Substance P) receptors. In the present work we investigated
the role of glial Tachykinin NK1 receptors in morphine withdrawal-mediated spinal microglia and
astrocyte activation. Our data indicate that intrathecal co-administration (6 days, twice daily) of a
selective Tachykinin NK1 receptor antagonist (N-acetyl-l-tryptophan 3,5-
bis(trifluoromethyl)benzylester (L-732,138; 20 μg/injection) attenuates spinal microglia and
astrocyte marker and pro-inflammatory mediator immunoreactivity as well as hyperalgesia in
morphine-withdrawn rats. Furthermore, covalent linkage of the opioid agonist with a Tachykinin
NK1 antagonist pharmacophor yielded a bivalent compound that did not augment spinal microglia
or astrocyte marker or pro-inflammatory mediator immunoreactivity and did not cause paradoxical
pain sensitization upon drug withdrawal. Thus, bivalent opioid/Tachykinin NK1 receptor
antagonists may provide a novel paradigm for long-term pain management.
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1. Introduction
Morphine and other opiate agonists provide efficient relief from severe acute pain. The use
of opiates for the management of chronic pain is more problematic, since long-term opiate
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analgesic administration leads to antinociceptive tolerance (Freye et al., 2003) and
paradoxically, increases the sensitivity of experimental animals (Ossipov et al., 2003) as
well as human patients (Simonnet and Rivat, 2003) to mildly painful (opioid-induced
hyperalgesia and innocuous (allodynia) stimuli. It was suggested earlier that such
paradoxical pain sensitization contributes to apparent antinociceptive tolerance (Mao et al.,
1994).

In the past decade it became increasingly clear that resident non-neuronal cells - glia - within
the central nervous system (CNS) have a crucial role in the regulation of pain sensitivity
(Raghavendra et al., 2003, Watkins et al., 2005). Accordingly, inhibition of glial activation
markedly attenuates neural injury and inflammation-mediated pain sensitization
(Raghavendra et al., 2003). Thus, regulation of glial activation provides an exciting novel
target for analgesic drug development (Watkins et al., 2005). Interestingly, similar to
inflammation and neuropathies, sustained opioid analgesic treatment was also found to
activate CNS glia (Watkins et al., 2005, Watkins et al., 2007)) and glial inhibitors were able
to attenuate sustained morphine-mediated paradoxical pain sensitization (Mika et al., 2007).
Thus, it was suggested that spinal glial activation might play a role in sustained opioid-
mediated pain facilitation (Watkins et al., 2005, Watkins et al., 2007, Mika et al., 2007).

Enhanced spinal excitatory pain neurotransmitter (such as Calcitonin Gene-related Peptide
(CGRP) and Substance P) synthesis and/or release is one of the major adaptive changes
associated with sustained opioid exposure (King et al., 2005). Substance P release from the
peptidergic unmyelinated sensory neurons (C-fibres) is thought to activate Tachykinin NK1
receptors on second order neurons leading to acute pain signal transmission (Allen et al.,
1997). Interestingly, in addition to pain transmitting second order neurons, spinal microglia
and astrocytes also express functionally active Tachykinin NK1 receptors (Marriott, 2004;
Pocock and Kettenmann, 2007). Activation of Tachykinin NK1 receptors in cultured
microglia was shown to lead to p38 MAP kinase activation (Fiebich et al., 2000, Svensson et
al., 2005) and augmented pro-inflammatory modulator synthesis (Fiebich et al., 2000;
Marriott, 2004) indicating that glial Tachykinin NK1 receptors regulate neuroimmune
responses. In the present work we investigated the hypothesis that attenuation of spinal
microglial and/or astrocyte Tachykinin NK1 receptor activation will attenuate sustained
opioid agonist-mediated glial activation and thus will prevent the development of opioid-
induced hyperalgesia. Our data indicate that intrathecal (i.th.) Tachykinin NK1 receptor
antagonist co-administration attenuates sustained intraperitoneal (i.p.) morphine-mediated
upregulation of spinal microglia and astrocyte marker immunoreactivity and prevents
morphine withdrawal-mediated thermal hyperalgesia and tactile allodynia in rats. Covalent
linkage of the opioid agonist pharmacophor with a Tachykinin NK1 antagonist yielded a
bivalent compound that did not augment spinal microglia or astrocyte marker
immunoreactivity and did not cause paradoxical pain sensitization upon drug withdrawal.

2. Materials and methods
2.1. Animals

Adult (200–225 g) male Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN)
were kept in a climate-controlled room on a 12 h light/dark cycle with food and water
available ad libitum. 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 protocol was approved by the Animal Care and Use
Committee of the University of Arizona.
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2.2. Intrathecal catheter implantation
All animals underwent intrathecal catheterization, followed by a three-day recovery period.
For catheter implantation, the animals were anesthetized by ketamine-xylazine (100 mg/kg,
i.p) and were implanted with intrathecal (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 animals were housed individually and allowed to recover for 7 days before any further
experimental manipulations. Animals with signs of motor weakness or paralysis or with
greater than 10% loss in body weight were excluded from further experimentation. Prior to
drug treatment, the free flow of fluids through the catheters was verified by injecting saline
solution. All the animals were subjected to baseline nociceptive tests prior to any drug
intervention.

2.3. Drug administration
Long-term morphine administration was accomplished by intraperitoneal (i.p.) injection of
morphine sulfate (5mg/kg/injection, NIDA, Bethesda, Maryland) to rats twice daily, for 6
days (saline-morphine group, n=6 animals). Separate groups of animals received intrathecal
(i.th.) injections of the selective Tachykinin NK1 receptor antagonist, [N-acetyl-l-tryptophan
3,5-bis(trifluoromethyl)benzylester (L-732,138; 20 μg/5 μl/injection; Tocris, Ellisville,
Missouri), twice daily for 6 days, together with either morphine (morphine− L-732,138
group, n=6) or saline (saline- L-732,138 group, n=6 animals). The dose of L-732,138 was
selected based on dose-response relationship studies (unpublished observations); L-732138
was dissolved in a solution containing 10% DMSO and 90% 0.9 % saline (vehicle).
Alternatively, a group of animals received twice daily intrathecal injections (20 μg/5 μl/
injection) of a novel bivalent compound TY027 (H-Tyr-D-Ala-Gly-Phe-Met- Pro-Leu-Trp-
NH-3, 5 Bn(CF3)2) provided by Dr. Victor J Hruby at the University of Arizona and
synthesized as described by Yamamoto et al. (2007, 2008) along with saline (i.p) injections
(TY027-saline group). In TY027, an opioid peptide pharmacophor (Tyr-DAla-Gly-Phe-Met)
has been covalently coupled to a Tachykinin NK1 receptor antagonist pharmacophor (Leu-
Trp-NHBn(CF3)2). TY027 was also dissolved in a solution containing 10% DMSO and 90%
0.9 % saline. The dose of TY027 was selected based on the studies of Largent-Milnes
(2010a). Control animals received either the same volume of i.th. saline (saline-saline group)
and/or vehicle (saline-vehicle group) injections. Animals in the morphine-saline and
morphine-vehicle group received i.th. saline or vehicle injections, respectively. The animals
receiving saline-vehicle injections exhibited pain thresholds similar to that of saline-saline
control group. The animals receiving the morphine-vehicle injections exhibited pain
thresholds similar to that of morphine-saline group. All the compounds were administered
twice daily for 6 days. Behavioral (thermal hyperalgesia and tactile allodynia) assays were
performed prior to any drug administration (basal values), and after 96 h withdrawal to
allow for the complete drug clearance after the last drug injection.

2.4. Measurement of 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
(6 individual animals in each treatment group) were placed in a glass floor container and a
radiant heat source was focused onto the plantar surface of their hind-paw. Paw withdrawal
latencies in seconds were measured using a motion detector, before (baseline) drug
administration and 96 h after the last drug injection. A maximal cutoff of 33 s was used to
prevent tissue damage.
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2.5. Measurement of mechanical allodynia
Paw withdrawal threshold in response to mild, normally innocuous tactile stimuli were
determined by probing with von Frey filaments, as previously described (Gardell et al.,
2002). The animals (6 individual animals in each treatment group) were placed in a plexi-
glass container equipped with a wire mesh floor. The filaments (0.4 –15.1 gm)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). Paw withdrawal thresholds were calculated in grams
using the Dixon non-parametric test and expressed as the mean paw withdrawal threshold ±
S.E.M.

2.6. Immunohistochemistry
Immunohistochemistry was performed using a protocol modified from Gardell et al. (2002).
Briefly, after behavioural testing, the rats that responded positively to the hyperalgesic test at
96 h withdrawal time point were selected from each group and were anesthetized with
intraperitoneal ketamine-xylazine (100mg/kg) injections and transcardially perfused with 0.1
M PBS (pH 7.4) until the exudate ran clear and then with 10% formalin for 15 min. Lumbar
(L) spinal cords were harvested. The tissues were fixed in 10% formalin solution overnight
and cryoprotected with 20% sucrose in 0.1 M PBS. The fixed tissues were saturated with
30% sucrose in 0.1 M PBS solution and embedded in Tissue-Tek Optimal Cutting
Temperature Compound (Sakura, Torrance, CA) and sliced in a cryostat at −20°C. Serial
spinal cord sections (20μm each) were placed onto slides so that each slide contained an
ordered series of sections from a 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 mouse monoclonal anti-Glial
Fibrillary Acidic Protein (GFAP) antiserum (1:2,000; Chemicon International, Temecula,
CA) to label activated astrocytes or a mouse monoclonal anti-complement type 3 receptor
(CR3/CD11b) antibody (OX-42) (1:2,000; Chemicon International, Temecula, CA) in 0.1 M
Phosphate-buffered Saline (PBS) containing 2% goat serum and 0.3% Triton X-100
overnight at 4°C. The slides were subsequently washed and incubated (2 h) with an Alexa
Fluor 594-conjugated goat anti-mouse secondary antibody (1:1000; Molecular Probes,
Eugene, OR). After immunoreactions, the sections were rinsed and mounted in the
Vectashield (Vector Laboratories) mounting medium. Fluorescence images were digitally
captured using a Nikon (Tokyo, Japan) E800 fluorescence microscope, equipped with the
appropriate standard filters. Images were acquired and analyzed using a Hamamatsu C5810
color CCD camera and its proprietary Image Processor Software (Hamamatsu, Bridgewater,
NJ). The acquired images were processed using Adobe PhotoShop (Adobe Systems, San
Jose, CA). For quantification of GFAP and OX-42 immunofluorescence, an area within the
dorsal horn of the spinal cord of each treatment group was outlined and immunofluorescence
intensities above background were quantified using NIH Image J software. The total
Intensity of immunofluorescence above a predefined threshold for 4 pre-determined sections
within the dorsal horn of each individual rat was averaged to provide a mean Intensity value
for each rat. A total of 3 independent animals were used per treatment group for the
quantification analysis.

2.7. Rat TNFα (Tumor Necrosis Factor α) ELISA assay
After drug treatment and behavioral tests, the animals were sacrificed, their spinal columns
were hydraulically extruded with ice-cold saline and the lumbar cord was dissected on ice as
described in Gardell et al. (2002). The tissue samples were immediately frozen in liquid
nitrogen and stored at. On the day of the experiment, frozen (−80°C) lumbar spinal cord
tissues were thawed and homogenized as previously described (Gardell et al., 2002). After
centrifugation (10,000 × g, 30 min, 4°C) a TNFα ELISA assay (Thermo Scientific, rat
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TNFα ELISA kit; Cat#: ER3TNFA) was performed according to the manufacturer’s
instructions. Briefly, the samples were diluted 1:1 in the standard diluent, loaded onto a 96
well plate (50 μg protein/well). After 1h incubation at room temperature, the samples were
washed three times with a washing buffer and incubated with a biotinylated anti-rat TNFα
antibody (1h, RT), followed by incubation with streptavidin-HRP (Horse Radish
Peroxidfase) and a colorigenic substrate (TMB). Absorbance values were measured at 450
and 550 nm. Standard curves were constructed using synthetic TNFα solutions. Data were
calculated using the standard curve and analyzed using a GrapPad Prism Software.

2.8. Data analysis
Thermal and tactile hypersensitivity data were analyzed by one-way ANOVA (post hoc:
Newman-Keuls) using the GraphPad Prism 4.0 software. The mean intensity values of the
pre determined immunofluorescent sections, as measured using NIH ImageJ software, were
normalized and plotted using the GraphPad Prism 4.0 software. One sample t-tests were
used to compare normalized mean intensity values from each treatment group to the control
group (100%). One-way ANOVA tests, followed with Newman-Keuls multiple comparison
tests, were subsequently performed to evaluate statistical differences between the various
treatment groups. Statistical differences were considered significant at P < 0.05 (*P < 0.05,
**P < 0.01, and ***P < 0.001). Data are represented as mean ± S.E.M. unless otherwise
indicated.

3. Results
3.1. Co-administration of a selective Tachykinin NK1 receptor antagonist attenuates
morphine withdrawal-mediated thermal hyperalgesia in rats

Similar to earlier data (King et al., 2005), we found that i.th. co-administration of the
selective Tachykinin NK1 receptor antagonist, L-732,138 significantly attenuated morphine-
withdrawal-mediated thermal hyperalgesia in rats. Baseline paw withdrawal latency in naïve
animals (before drug intervention) was 24.4±1 sec (n=36; Fig. 1A). After baseline
measurement, the rats were separated into treatment groups (n=6 animals in each group).
Animals received twice daily i.p. morphine (or saline) injections with/without i.th.
L-732,138 injections (refer to materials and methods). 96 h after the last drug treatment, paw
withdrawal latencies were measured in each group (withdrawal hyperalgesia). Control
animals treated with saline-saline exhibited mean paw withdrawal latencies similar to the
mean baseline value ( 24.2±1 s; P>0.05 relative to baseline, n=6). Morphine withdrawal
after sustained drug treatment (morphine-saline group) on the other hand, led to a marked
decrease in mean paw withdrawal latency (11.3±1 s, ***P<0.001 relative to the saline-saline
treated control, n=6). Interestingly however, rats receiving i.th. injections of the selective
Tachykinin NK1 receptor antagonist (L-732,138 ) concurrent with i.p. morphine (morphine
− L-732,138) exhibited paw withdrawal latencies ( 21.5±1 s; n=6) similar to the baseline
(P>0.05) or saline-saline (P>0.05)-treated animal groups. This value was significantly
different (# P< 0.01) from the mean paw withdrawal latency in the saline-morphine group.
Withdrawal after sustained i.th. L-732,138 treatment did not cause significant difference in
the paw withdrawal latencies of the animals, relative to the baseline and saline-saline groups
(21.1±1s; n=6; P>0.05 vs. both baseline and saline-saline control) (Fig 1A).

3.2. Repeated administration of a bivalent opioid agonist/Tachykinin NK1 receptor
antagonist compound (TY027) does not cause thermal hyperalgesia in rats

Baseline paw withdrawal latency in naïve animals (before drug intervention) was 24.4±1 sec
(n=36; Fig. 1A). After baseline measurement, the rats were separated into treatment groups
(n=6 animals in each group) and received i.th. injections (20 μg/5 μl, twice daily for 6 days)
of TY027 ( a bivalent ligand having both opioid agonist activity and Tachykinin NK1
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receptor antagonist activity) Interestingly, rats receiving sustained (6 days) i.th TY027
treatment and 96h drug withdrawal, exhibited paw withdrawal latencies ( 28.5±1 s; n=6)
similar to the baseline. This value was significantly different (# P< 0.001) from the mean
paw withdrawal latency in the saline-morphine group, indicating that withdrawal after i.th.
TY027 treatment did not cause thermal hyperalgesia in rats (Fig. 1A).

3.3. Co-administration of a selective Tachykinin NK1 receptor antagonist (L-732,138 )
attenuates morphine withdrawal-mediated tactile allodynia in rats

The mean baseline paw withdrawal threshold value of naïve (before any drug intervention)
rats used in the study was 13.7±1 g (n= 36) (Fig 1B). Sustained saline-saline treatment had
no significant effect on the sensitivity of the animals toward mild tactile stimuli (12.5±2 g;
P>0.05 relative to baseline, n=6; Fig. 1B). Drug withdrawal (96h) after sustained morphine
treatment on the other hand, led to a significant decrease in the mean paw withdrawal
threshold in the saline-morphine group (5 ± 2 g; **P<0.01 relative to the saline-saline
treatment group and to the baseline values). Interestingly, rats receiving i.th. L-732,138
injections concurrent with the i.p. morphine injections (morphine−L-732,138 group)
exhibited paw withdrawal thresholds (10.6±2 g, n=6) that are not significantly different from
the mean baseline value (P>0.05) while being significantly different from the morphine-
saline animal group (# P<0.05). Withdrawal after sustained L-732,138 treatment did not
cause a significant difference in the paw withdrawal threshold of the animals (10.2±2 g;
n=6; P>0.05 vs. baseline value and saline-saline control) (Fig 1B).

3.4. Repeated intrathecal administration of the bivalent opioid agonist/Tachykinin NK1
receptor antagonist does not cause tactile allodynia in rats

The mean baseline paw withdrawal threshold value of naïve (before any drug intervention)
rats used in the study was 13.7±1 g (n= 36) (Fig 1B). Drug withdrawal (96h) after sustained
(6 day) i.p. morphine administration led to a significant decrease in the mean paw
withdrawal threshold in the saline-morphine group (5 ± 2 g; **P<0.01 relative to the saline-
saline treatment group and baseline values). Interestingly however, rats receiving i.th.
TY027 injections (20 μg/5 μl, twice daily for 6 days) after 96h drug withdrawal exhibited
paw withdrawal thresholds (14.2±1 g, n=6) that were not significantly different from the
mean baseline value (P>0.05) while being significantly different from the morphine-saline
animal group (# P<0.001). This data indicates that withdrawal after repeated i.th. TY027
treatment did not cause tactile allodynia in the rats (Fig 1B).

3.5. L-732138 co-treatment normalizes microglia (OX-42) or astrocyte (GFAP) marker
immunoreactivities in the lumbar spinal cord of morphine-withdrawn rats

After the behavioral assays, the animals were perfused and lumbar spinal cords were
isolated from three animals in each treatment group. The intensity of immunofluorescence,
measured as mean immunoflourescent pixels in control group for GFAP and OX-42 was
6210 ± 420 and 5400 ± 770, respectively (100%). Fluorescent immunohistochemistry in
lumbar spinal cord slices shows that sustained morphine treatment caused a considerable
increase in both OX-42- and GFAP-like immunoreactivities in the spinal cord of the rats
(Figs. 2A and 2B). Normalized fluorescence intensities were 158 ± 8% of control for GFAP
and 145 ± 10% of control for OX-42 (Fig. 2C;P<0.01, n=3, one-sample t-test)). L -732,138
co-administration completely attenuated sustained morphine-mediated augmentation of both
OX-42 and GFAP-like immunoreactivities in the lumbar spinal cord of the animals (Fig. 2A
and B). Quantification of immunohistochemical data (Fig 2C) showed that i.th. L -732,138
injections concurrent with the i.p. morphine injections inhibited sustained morphine-
mediated spinal glial fibrillary acidic protein (114±7 relative to control; P<0.01 relative to
morphine group, n=3, one-way ANOVA) and OX-42 immunoreactivity (110±9 relative to
control; P<0.01 relative to morphine group, n=3, one-way ANOVA). These data indicate
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that sustained morphine-mediated spinal microglia and astrocyte activation can be inhibited
by co-administration of a NK1 antagonist.

3.6. Microglia (OX-42) and astrocyte (GFAP) marker immunoreactivities are not elevated in
the lumbar spinal cord of the bivalent opioid agonist/Tachykinin NK1 receptor antagonist-
withdrawn rats

Fluorescent immunohistochemistry in lumbar spinal cord slices indicates that sustained
morphine treatment caused a considerable increase in both OX-42- and GFAP-like
immunoreactivities in the spinal cord (Fig 1A and 1B). Sustained i.th. TY027 injections on
the other hand, did not augment microglia or astrocyte marker immunoreactivities in the
lumbar dorsal horn of the rats. Quantification of immunohistochemical data (Fig 1B)
indicates that the mean fluorescence intensity in this group was 121±8 relative to control for
GFAP (*P<0.05 compared to morphine group) and 103±9 relative to control for OX-42
(*P<0.05 compared to morphine group, n=3, one-way ANOVA). These data indicate
covalent linkage to a selective NK1 antagonist pharmacophore may counteract the spinal
glial activation caused by the opioid agonist pharmacophore.

3.7. NK1 receptor antagonism attenuates opioid withdrawal-mediated augmentation of
TNFα immunoreactivity in the spinal cord of rats

After behavioral tests, the animals were euthanized and lumbar spinal cords were isolated.
TNFα immunoreactivity the homogenates was determined using a rat TNFα ELISA kit
(Thermo Scientific). Mean TNFα concentration in the lumbar spinal cord of control animals
was 94.4±2.6 pg/mL. Repeated morphine treatment and drug withdrawal significantly
augmented spinal TNFα levels (115.4±10.4 pg/mL; P<0.05 relative to control). On the other
hand, in animals receiving morphine+ L-732,138 or TY027 spinal TNFα levels were not
significantly different from control (93.2±2.2 and 97.2±1.6 pg/mL, respectively, P>0.05
relative to control and P< 0.05 relative to the morphine-treatment group), indicating that
NK1 antagonists normalize spinal pro-inflammatory mediator concentrations in opioid-
withdrawn animals.

4. Discussion
Sustained administration of opioid analgesics increases the sensitivity of human patients
(Ossipov et al., 2003; Simonnet and Rivat, 2003) and experimental animals (Mao et al.,
1994; Vanderah et al., 2000; Gardell et al., 2002; Ossipov et al., 2003, King et al., 2005;
Watkins et al., 2007; Mika et al., 2007) to mildly painful heat (thermal hyperalgesia) and
normally innocuous mechanical (tactile allodynia) stimuli (opioid-induced hyperalgesia.
Earlier data indicate that co-administration of opioid analgesics with a Tachykinin NK1
receptor antagonist attenuates sustained opioid agonist-mediated pain sensitization and
antinociceptive tolerance (King et al., 2005). Our current data demonstrates that a/selective
Tachykinin NK1 receptor antagonist co-administration prevents repeated morphine-mediated
augmentation of microglia and astrocyte marker immunoreactivity in the spinal cord of rats;
b/selective Tachykinin NK1 receptor antagonist co-administration prevents repeated
morphine-mediated augmentation of spinal inflammatory mediator (TNFα)
immunoreactivity and c/repeated treatment of rats with a bivalent opioid agonist/Tachykinin
NK1 receptor antagonist compound does not augment spinal microglia or astrocyte marker
or inflammatory mediator (TNFα) immunoreactivit in rats. Therefore, we suggest that spinal
microglia/astrocyte Tachykinin NK1 receptors may provide a novel pharmacological target
to prevent the spinal neuroinflammatory consequences of sustained opioid analgesic
treatment.
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Chronic pain seriously impairs the quality of life. Morphine, and other opioid agonists
provide efficient relief from severe acute pain, but the use of opiates for the management of
chronic and neuropathic pain is somewhat more problematic. First of all, opioid analgesics
work less efficiently in neuropathic pain conditions and long-term drug administration
further reduces their efficacy (Watkins et al., 2005, Watkins et al., 2007) and thus increased
opiate doses are necessary to maintain the therapeutic effect. It was suggested earlier that a
paradoxical pain sensitization contributes to the need for increased opiate doses during long-
term pain management (apparent antinociceptive tolerance) (Mao et al., 1994; Vanderah et
al., 2000; Ossipov et al., 2003, Mika et al., 2007).

Enhanced spinal excitatory pain neurotransmitter (such as Substance P) synthesis and/or
release is one of the major adaptive changes associated with sustained opioid exposure (Ma
et al., 2000; Ossipov et al., 2003, Powell et al., 2003; King et al., 2005, Vera-Portocarrero et
al., 2007). Augmented spinal Substance P pain levels are thought to contribute to sustained
opioid-mediated pain hypersensitivity and apparent antinociceptive tolerance (Ossipov et al.,
2003, Powell et al., 2003; King et al., 2005, Vera-Portocarrero et al., 2007; Rivat et al.,
2009). Indeed, co-administration of a Tachykinin NK1 receptor antagonist (SR140333) with
morphine was found to attenuate opioid-jnduced hyperalgesia (King et al., 2005) and to
prevent/reverse the development of antinociceptive tolerance (Powell et al., 2003).
Furthermore, it was also found that genetic knockdown of the Substance P (NK1) receptor
(King et al., 2005) or chemical ablation of the spinal SP-expressing peptidergic neurons
(Rivat et al., 2009) attenuates the development of antinociceptive tolerance and paradoxical
pain sensitization upon sustained opiate treatment in rodents. Based on these earlier
findings, our group recently designed and synthesized promising novel bivalent
antinociceptive drug candidates by covalently linking an opioid agonist pharmacophor
(sterically constrained enkephalin analogues) with Substance P (SP) receptor (NK1)
antagonists (Yamamoto et al., 2007, 2008). Many of the newly synthesized bivalent ligands
(such as TY027; Yamamoto et al., 2007, 2008) were highly potent antinociceptive agents
that produced no paradoxical pain sensitization and antinociceptive tolerance upon long-
term administration in rats (Largent-Milnes et al., 2010b). The goal of the current project
was to examine the cellular mechanisms contributing to attenuation of long-term opioid-
mediated pain sensitization by Tachykinin NK1 receptor antagonists. It has been observed
earlier that, similar to neuronal injury and inflammation (DeLeo and Yezierski, 2001;
Raghavendra et al., 2003; Svennson et al., 2005), sustained morphine treatment activates
CNS microglia and astrocytes (Raghavendra et al., 2004; Watkins et al., 2005, 2007; Mika et
al., 2007) leading to pro-inflammatory modulator synthesis (Watkins et al., 2005;
Raghavendra et al., 2004) in the spinal cord. Moreover, glial inhibitors (such as
fluorocitrate, minocycline or pentoxyfylline) were found to attenuate sustained morphine-
mediated pain sensitization and analgesic tolerance (Raghavendra et al., 2004; Watkins et
al., 2005, 2007; Mika et al., 2007). Thus, co-administration of agents that attenuate glial
activation during long-term opioid analgesic treatment is a promising novel way to attenuate
paradoxical pain sensitization and antinociceptive tolerance in the clinical management of
chronic pain. However, the currently available metabolic glial inhibitors are either toxic
(fluorocitrate, (Willoughby et al., 2003)) or not selective for glia (also act as antibiotics
(Graber et al., 1969) or as phosphodiesterase inhibitors (Yoshikawa et al., 1999)).

Microglia and astrocytes express numerous functionally active G protein-coupled receptors
(Pocock and Kettenmann, 2007) offering novel phsarmacological targets to regulate glial
activity. Thus, it was found earlier that CNS microglia and astrocytes express functional
Substance P (Tachykinin NK1) receptors (Fiebich et al., 2000; Rassley et al., 2002, Marriott,
2004; Svensson et al., 2005; Hartel et al., 2009). Although SP is generally considered to be
one of the chief pain neurotransmitters in the spinal cord (Allen et al., 1997), blocking SP
activity by selective Tachykinin NK1 receptor antagonists has proven to be ineffective in
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blocking acute nociception in clinical trials (Hill, 2000; Herbert and Holzer, 2002). The
reason for the failure of Tachykinin NK1 receptor antagonists to relieve acute pain is
currently not clear.

Interestingly however, preclinical studies in animals indicate that Tachykinin NK1 receptor
antagonists attenuate sensitized nociceptive responses due to inflammation and neuronal
damage (Hill, 2000; Herbert and Holzer, 2002, Lee et al., 2007; Hamity et al., 2010).
Furthermore, nerve injury and CNS infection upregulate glial Tachykinin NK1 receptor
levels (Mantyh et al., 1989; Chauhan et al., 2008), indicating that the glial Tachykinin NK1
receptors may play a role in regulation of CNS neuroimmune responses (Marriott, 2004).
Indeed, in vitro Tachykinin NK1 receptor activation in cultured microglia and in the spinal
cord was shown to augment p38 MAP kinase phosphorylation (Fiebich et al., 2000;
Svensson et al., 2005) and NF-κB-mediated pro-inflammatory modulator gene transcription
(Fiebich et al., 2000; Marriott, 2004). Activation of astrocyte Tachykinin NK1 receptors on
the other hand were shown to initiate intracellular Ca2+ transients (Hartel et al., 2009).
Astrocyte Ca2+ waves are thought to regulate synaptic strength and contribute to long-term
neuroplastic changes in the CNS (“tripartite synapses”) (Perea et al., 2009). Importantly,
earlier data suggest that glial Tachykinin NK1 receptors may play a fundamental role in SP-
mediated pain sensitization in the spinal cord, since antisense oligodeoxynucleotide knock-
down of the microglial isoform of its crucial cellular effector (the β isoform of p38 mitogen-
activated protein kinase (MAPK)) completely prevented intrathecal SP-mediated
sensitization to chemical and mechanical stimuli in rats, while knockdown of the neuronal
p38 MAPK α-isoform had no effect (Svensson et al., 2005 ).

In the present work we investigated the role of glial Tachykinin NK1 receptors in morphine
withdrawal-mediated spinal microglia and astrocyte activation and spinal inflammatory
mediator synthesis in rats. Our current results indicate that - in addition to acute activation of
ascending neuronal pathways – sustained opioid-mediated spinal SP release may also have
longer-lasting neuroinflammatory consequences by activating Tachykinin NK1 receptors on
spinal microglia and/or astrocytes. By targeting spinal glial activation, co-administration of
opioids with Tachykinin NK1 antagonists or bivalent opioid agonist/Tachykinin NK1
receptor antagonist may serve as novel, improved antinociceptive methods for long-term
pain management.
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Fig. 1. Selective Tachykinin NK1 receptor antagonists attenuate repeated opioid
treatmentmediated A/thermal hyperalgesia and B/tactile allodynia in rats
Rats received i.p. injections of saline (saline-saline control) or morphine (5mg/kg/injection;
morphine-saline group) twice daily, for 6 days concurrent with i.th. injections of saline. The
saline- L-732,138 and morphine− L-732,138 groups have received i.th. L-732,138 (20 μg/5
μl) injections concurrent with i.p. saline or morphine, respectively. In the Saline-TY027
group, the animals received repeated i.th. injections of a bivalent opioid agonist/Tachykinin
NK1 receptor antagonist compound, TY027 (20 μg/5 μl/injection) twice daily for 6 days
concurrent with i.p. saline injections. Thermal (A) and tactile (B) sensitivity of the animals
was assessed prior to drug administration (naïve basal values - dotted lines) and 96 h after
the last drug administration (bars).
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Fig. 2. Selective Tachykinin NK1 receptor antagonists attenuate repeated opioid treatment-
mediated augmentation of A/microglia (OX-42) and B/astrocyte (GFAP) marker
immunoreactivity in the lumbar spinal cord of opioid-withdrawn rats
After drug treatments and behavioural tests, the rats were euthanized and their lumbar spinal
cords were harvested. Serial spinal cord sections were mounted and incubated with (A) a
mouse anti- OX-42 or (B) a mouse anti-glial fibrillary acidic protein (GFAP) antiserum
followed by incubation with an Alexa Fluor 594-conjugated goat anti-mouse secondary
antibody. Fluorescence images were digitally captured using a Nikon E800 fluorescence
microscope. The acquired images were processed in Adobe PhotoShop. Insets show higher
magnification images from similar dorsal horn areas of the sections. Quantification of the
immunohistochemical data (C) was performed using the Image J software (NIH).
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Fig. 3. Selective Tachykinin NK1 receptor antagonists attenuate repeated opioid-mediated
augmentation of spinal TNFα immunoreactivity in rats
After drug treatment and behavioral test, the animals were euthanized and their spinal cords
were isolated. Lumbar spinal cord segments were homogenized and TNFa immunoreactivty
was measured using a Rat TNFα ELISA kit.
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