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BACKGROUND AND PURPOSE

The use of opioids in treating pain is limited due to significant side effects including somnolence, constipation, analgesic
tolerance, addiction and respiratory depression. Pre-clinical studies have shown that neurokinin 1 (NK;) receptor antagonists
block opioid-induced antinociceptive tolerance and may inhibit opioid-induced rewarding behaviours. Here, we have
characterized a bifunctional peptide with both opioid agonist and NK; antagonist pharmacophores in a rodent model of
neuropathic pain.

EXPERIMENTAL APPROACH

Rats were evaluated for behavioural responses to both tactile and thermal stimuli in either an uninjured, sham- or
nerve-injured state. TYO05 (Tyr-DAla-Gly-Phe-Met-Pro-Leu-Trp-O-3,5-Bn(CFs),) was delivered spinally or systemically to assess
the antinociceptive effects after acute exposure. Motor skills were evaluated using the rotarod test to determine potential
sedative effects. Spinal TYO05 was given chronically to sham- or nerve-injured animals to determine the development of
tolerance.

KEY RESULTS

Bolus injections of TY0O05 produced dose-dependent antinociception in non-injured animals and alleviated nerve
injury-induced thermal and tactile hypersensitivities (i.e. antihyperalgesia) more effectively than morphine. Sedative effects
were not evident from the rotarod test at doses that were antihyperalgesic, nor at doses threefold higher. Repeated
administration of TY005 did not lead to the development of antihyperalgesic tolerance or alter sensory thresholds.

CONCLUSIONS AND IMPLICATIONS

Collectively, the data suggest that opioid agonist/NK; antagonist bifunctional peptides represent a promising novel approach
to the management of chronic pain without the development of tolerance, reducing the need for escalation of doses and
unwanted side effects associated with opiates alone.

Abbreviations

B-FNA, beta-funaltrexamine; CGRP, calcitonin gene-related peptide; CI, confidence interval; DMSO, dimethyl
sulphoxide; DRG, dorsal root ganglion; NK;, neurokinin 1 receptor; NSAIDs, non-steroidal anti-inflammatory drugs;
NTI, naltrindole; OIH, opioid-induced hyperalgesia; PWL, paw withdrawal latency; PWT, paw withdrawal threshold;
SNL, spinal nerve ligation; SP, substance P
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Introduction

Pain is often the most common indication of a
medical problem. Neuropathic pain can result from
damage to the nervous system, and common treat-
ments include tri-cyclic antidepressants, gabapenti-
noids, opioids, anticonvulsants, local anaesthetics,
acetaminophen, non-steroidal anti-inflammatory
drugs (NSAIDs), as well as combinations of opioids
and NSAIDs (Dworkin et al., 2008). While opioids
are considered the gold standard of analgesic care
for acute nociceptive pain, they have limited effi-
cacy for neuropathic pain at tolerable doses (Row-
botham et al., 2003). Chronic opioid dosing can be
associated with serious unwanted effects including
constipation, nausea/vomiting, somnolence and
respiratory depression, significantly decreasing the
patients’ quality of life (Reisine and Pasternak,
1996). Analgesic tolerance to opioid therapy devel-
ops in some patients with continued use, resulting
in a need for dose escalation to maintain analgesic
efficacy while increasing the unwanted side effects.

Pharmacological studies demonstrated the exist-
ence of opioid receptors over 25 years ago (Zaki
etal., 1996). Three distinct receptors have since
been characterized and are known as p, § and
opioid receptors. Activation of both supraspinal and
spinal p-opioid receptors produces the analgesic
effect of opioids through multiple mechanisms,
including inhibiting the release of pronociceptive
neurotransmitters such as substance P (SP),
glutamate and calcitonin gene-related peptide
(CGRP). Sustained exposure to opioids has been
reported to induce neurocellular adaptations includ-
ing opioid receptor internalization and long-term
changes, such as receptor down-regulation (Koch
and Hollt, 2008), adenylyl cyclase superactivation
(Tumati et al., 2009), altered receptor trafficking and
activation of descending pain facilitatory pathways
from the brain stem (Vanderah ef al., 2001a). These
adaptations have been shown both in vitro and in
vivo, and may contribute to opioid-mediated anti-
nociceptive tolerance.

Although opioids are the most prescribed drugs
to relieve pain, multiple processes can act to dimin-
ish opioid effectiveness. Firstly, a number of clinical
and pre-clinical studies report that sustained opioid
use can unexpectedly produce abnormally height-
ened pain sensations, characterized by increased
sensitivity to normally non-noxious (allodynia) and
noxious stimuli (hyperalgesia) (DuPen et al., 2007).
Opioids can elicit heightened pain sensations in
experimental models after acute (Célerier etal.,
2000) and chronic (Mao et al., 1995) administration.
The mechanisms proposed to underly opioid-
induced hyperalgesia (OIH) include ‘mini-
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withdrawals’ (Gutstein, 1996), activation of NMDA
receptors (Mao et al., 1995), activation of descend-
ing pain facilitatory pathways (Vanderah etal.,
2001b), altered G-protein coupling after chronic
exposure (Largent-Milnes etal., 2008) and
up-regulation in pronociceptive neurotransmitters
(King et al., 2005). Secondly, the repeated use of
opioid analgesics for chronic pain states can be ren-
dered ineffective by the development of analgesic
tolerance (Foley, 1995). Although mechanisms con-
tributing to opioid tolerance are poorly understood,
recent evidence from experimental models shows
opioid analgesic tolerance may be derived from
adaptations occurring at the level of the opioid
receptor (Childers, 1991; Bohn et al., 2000; Wang
et al., 2008) and at neural networks involved in pain
transmission (Vanderah et al., 2001a). Interventions
that inhibit OIH could also inhibit the behavioural
development of antinociceptive tolerance (Powell
et al., 2003; Vera-Portocarrero et al., 2007).

SP has been characterized as a pain-promoting
neuropeptide that binds to and activates neurokinin
1 (NK;) receptors. When injected spinally in
rodents, SP dose-dependently induces nocifensive
behaviours such as biting, scratching and flinching
(Hylden and Wilcox, 1981; Seybold et al., 1982).
Increases in spinal SP levels have been shown in
inflammation and after chronic opioid exposure
(Malcangio et al., 2000; King etal., 2005), while
redistribution of SP within the spinal dorsal horn
has been reported in some models of neuropathic
pain (Swamydas et al., 2004). After nerve injury, the
content and release of SP are decreased in some
peripheral nerve injury models, but not in others
(Bisby and Keen, 1986). In models where some
nerve fibres are spared, superficial dorsal horn
content of SP is decreased, but dorsal root ganglion
(DRG) immunoreactivity is increased (Ma and Eisen-
ach, 2003). Swamydas et al. (2004) have shown that
SP is redistributed after partial nerve transection,
leading to increases in the deeper lamina of the
spinal cord. Additionally, the affinity of SP for the
NK; receptor has been reported to be altered after
nerve injury (Aanonsen et al., 1992). NK; expression
has been shown to be increased at protein and
mRNA levels after peripheral nerve injury (Taylor
and McCarson, 2004).

Sustained opioid exposure in adult rats has been
shown to alter the SP-NK; system, resulting in sig-
nificant increases in SP content within the spinal
cord tissue and an increase in evoked SP release in
the superficial layer of the lumbar dorsal horn
(Belanger et al., 2002; King et al., 2005). Sustained
morphine treatment also produces an increase in
NK; immunoreactivity in lamina I-II in the spinal
dorsal horn and increased internalization after
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mechanical pinch compared to placebo-treated rats
(King et al., 2005). The evidence that sustained
opioids enhance the content and evoked release of
pain neurotransmitters suggests more opioid may be
needed to inhibit this opioid-induced up-regulation,
translating into antinociceptive tolerance. Studies
from Powell etal. (2003) have shown that
co-administration of morphine and a small mol-
ecule NK; antagonist can attenuate the develop-
ment of opioid antinociceptive tolerance, further
indicating that the NK; receptor and SP may con-
tribute to the underlying mechanisms of opioid
antinociceptive tolerance. Therefore, one priority
would be to develop compounds that incorporate
agonist activity at opioid receptors and antagonist
activity at NK; receptors. Previously, we have
reported on the in vitro activity of such compounds,
showing high binding affinity and strong in vitro
biological activities as agonists at the opioid recep-
tors and antagonists at NK; receptors (Yamamoto
et al., 2007). Here, we provide evidence that a single
bifunctional molecule designed as an opioid agonist
and NK; antagonist dose-dependently reverses
nerve injury-induced hypersensitivity and does not
result in the development of antinociceptive toler-
ance in a rodent model of neuropathic pain.

Methods

Animals

Male, Sprague-Dawley rats (Harlan; Harlan, IN, USA)
(a total of 380 rats, 175-250 g) were maintained on
a 12 h light/dark cycle (lights on at 7:00h) with food
and water available ad libitum. All preparations and
testing were performed in accordance with the poli-
cies and recommendations of the International
Association for the Study of Pain, National Institute
of Health and the Institutional Animal Care and Use
Committee of the University of Arizona. All terms
used within the paper for receptors and related
systems are in accordance with the guidelines set
about by Alexander et al. (2009).

Experimental design

To evaluate the in vivo properties of the bifunctional
peptide, TYO0S, experiments were performed using
i.t. and i.v. routes of administration. Acute injection
of TYOOS (i.t.) was given to non-injured rats to
investigate the antinociceptive properties and pos-
sible motor side effects of TY0O0S. In separate experi-
ments, TYO05 was administered (i.t. and i.v.) to
spinal nerve ligated rats to evaluate the effects of the
compound on nerve injury-induced tactile allo-
dynia and thermal hyperalgesia. Finally, the effects
of multiple exposures to TYO0S (i.t., twice daily)
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were assessed over 11 days in parallel with mor-
phine in rats subjected to SNL and sham operations.

Surgery

Intrathecal catheter implantation. The rats were
anaesthetized using ketamine/xylazine 100 mg-kg™
i.p. (vol/vol: 80/20, Sigma-Aldrich, St Louis, MO,
USA) and placed in a stereotaxic head holder. The
cisterna magna was exposed, and an 8 cm catheter
(PE-10, Stoelting Cat # 51151; Wood Dale, IL, USA)
was implanted as described by Yaksh and Rudy
(1976), terminating in the lumbar region of the
spinal cord. Catheters were sutured into place and
externalized at the back of the neck. Muscle and
skin were closed in two layers. The animals were
housed individually and allowed to recover for 5-7
days prior to baseline testing and/or spinal nerve
ligation (SNL). Animals with signs of neurological
deficits following surgery were not used.

SNL. Nerve ligation injury produces signs of neu-
ropathic pain including tactile allodynia and
thermal hypersensitivity. All nerve operations
occurred 5 days after i.t. catheter implantation. The
rats were anaesthetized with 2.5% isofluorane in O,
anaesthesia delivered at 2 L-min™'. The skin over the
caudal lumbar region was incised and the muscles
retracted. The Ls and L¢ spinal nerves were exposed,
carefully isolated and tightly ligated with 4-0 silk
distal to the dorsal root ganglion, as we have previ-
ously reported (Vanderah etal., 2008). Control
animals underwent sham surgeries in which the
nerve areas were exposed, but not ligated. All
animals were allowed 5-7 days to recover prior to
any behavioural testing. Any animals exhibiting
signs of motor deficiency or infection were killed.

Drug delivery

Intrathecal (i.t.). Compounds were administered
slowly over 30 s using a 25 uL. Hamilton syringe and
injector (PlasticsOne, C3131 internal cannula, Plas-
ticsOne, Roanoke, VA, USA) connected by tubing.
Drugs or drug mixtures were administered in 5 uL
volumes, followed by 1 uL air to follow the injection
and a 9 pL saline flush. In acute experiments where
one bolus injection was given, time of injection was
equal to t = O min. Throughout the chronic i.t.
experiments, the rats were given a morning injec-
tion between 8:00 h and 9:00 h, and behavioural
testing performed at t = +15-20 min. An afternoon
injection was given between 17:00 h and 18:00 h,
but not evaluated behaviourally. This was repeated
daily for 11 days. At days 12-14 after the initial
exposure, all therapy was withdrawn, allowing for a
‘washout period’. Each therapy was re-introduced as
a single injection at day 15 and testing performed at



t = +20-30 min to more fully assess the effects of
treatment.

Intravenous (i.v.). Systemic administrations of
vehicle or compounds were performed in anaesthe-
tized rats. Solutions were prepared as an injection
volume of 1 mL-kg™. Briefly, the distal third of the
tail was dipped in warm water to dilate the blood
vessels. A 30.5-gauge needle was inserted into the
lateral tail vein, the plunger pulled back and blood
drawn to ensure needle placement. Treatment was
then introduced slowly over the course of 45-60 s. A
new needle/syringe combination was used for each
rat, making sure no air bubbles were present prior to
or during the injection. Pressure was applied to the
injection site to stop any excess bleeding.

Behavioural measurements

Rotarod. Rats were trained to walk on an auto-
mated rotating rod (8 rev-min'; Rotamex 4/8,
Columbus Instrument, Columbus, OH, USA) for
maximal cut-off time of 180 s (Vanderah etal.,
2008). Training consisted of placement on a non-
moving rod with the instrument off for 180 s, place-
ment on the non-moving rod with the machine on
for 180 s and two training sessions of 180 s each
with the rod rotating. After 10 min, baseline values
were recorded for each animal. If the animal reached
the maximal time, a cut-off value of 180 s was
assigned as the observed value. Compounds were
administered as described above and assessment
occurred every 15 min for the first 60 min.

SP-induced flinching, biting and scratching. Rats were
implanted with an intrathecal cannula as previously
stated and allowed to recover for 5-7 days. Testing
was consistent with the methods by Seybold et al.
(1982). SP administration (1 mM, 10 uL) was per-
formed at t = 0 min; total doses were similar to those
given by Seybold etal. (1982) at 13.47 ug per
animal. Prior to testing, saline (0.9%) or naloxone
(NLX) (2 mg-kg™, s.c.) was injected at t=—-15 min to
block endogenous opioid and TY00S opioid activity
(Sakurada et al., 1999), and TYOOS (3, 10 or 30 pg in
5 uL) or 10% dimethyl sulphoxide (DMSO) (5 uL)
was injected at t = —-10 min. The total number of
flinches, bites or scratches min™ for the first 5 min
was counted.

Tactile hypersensitivity. Rats were acclimatized in
suspended, wire mesh cages for 30 min prior to
baseline von Frey testing (pre- and post-nerve
ligation/sham operation). The protocol for the acute
exposure experiments consisted of compound or
vehicle administration (f = 0), and measurement of
responses to calibrated von Frey filaments (0.4-
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15.0 g) probed perpendicularly on the plantar
surface of the left hind paw (ipsilateral to the SNL)
for 7 s, at 15 min intervals for the first 60 min uti-
lizing the up-down method used previously
(Largent-Milnes et al., 2008). For the multiple expo-
sure experiment, non-noxious tactile testing
occurred 15 min after compound administration.
Lifting the paw, licking the paw or vocalizing
counted as positive responses to the calibrated fila-
ment. Paw withdrawal thresholds (PWTs) were cal-
culated in g using the Dixon non-parametric test,
and expressed as the mean PWT = SEM in Prism by
GraphPad. The contralateral paw was not tested, as
injured animals placed more body weight on the
uninjured paw when compared to the injured side.

Thermal hypersensitivity. Rats were allowed to accli-
matize in Plexiglas holders for baseline testing (pre-
and post-nerve ligation/exposure) for 30 min (Ugo
Basile, Comerio, Italy). A mobile radiant heat source
was used to direct heat to the plantar surface of the
left hind paw, as described by Largent-Milnes ef al.
(2008). Paw withdrawal latencies (PWLs) were mea-
sured in s with an automatic shutoff of the heat
source at 33 s. Antinociception experiment base-
lines and pre-nerve injury PWLs were established
between 20 and 25s. Post-injury baselines were
obtained after the 7 day recovery period. On test
days, animals were dosed, then tested using von
Frey filaments every 15min for 60 min. After
multiple i.t. exposures, the rats were evaluated
for responses to noxious thermal heat 20-22 min
following dosing and 5-7 min after non-noxious,
tactile testing. PWLs were recorded for each animal
and expressed as the mean withdrawal latency =+
SEM in Prism 4 by GraphPad. The contralateral paw
was not tested, as injured animals placed more body
weight on the uninjured paw when compared to the
injured side.

Data analysis and statistical procedures. Compound
activity in both non-noxious and noxious behav-
ioural assays was calculated as follows:
Non-injury:
%Antinociception

PWL after drug treatment —
baseline PWL

=100 x
33 - baseline PWL

SNL operated:

%Antihyperalgesia
PWL after drug treatment —
post-SNL baseline PWL

pre-SNL baseline PWL —
post-SNL baseline PWL

=100 x
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PWL after drug treatment —
post-SNL baseline PWL
pre-SNL baseline PWL -
post-SNL baseline PWL

%Antiallodynia = 100 x

Sham operated:

%Antinoceception
PWL after drug treatment —
post-sham baseline PWL

33.0 — pre-sham baseline PWL

%Antiallodynia
PWL after drug treatment —
post-sham baseline PWT

15.0 — pre-sham baseline PWT

=100 x

=100 x

All data were analysed by non-parametric two-way
ANOVA (post hoc: Neuman-Kuels) in FlashCalc (Dr
Michael H. Ossipov, University of Arizona, Tucson,
AZ, USA). Differences were considered to be signifi-
cant if P = 0.05. All data were plotted in GraphPad
Prism 4.

Drug, chemical reagents and other materials. Com-
pounds were dissolved in DMSO (Sigma-Aldrich, St.
Louis, MO, USA, cat# D2650) and brought to
volume with Millipore H,O for a final (vol/vol) of
10% DMSO (i.t.) or 20% DMSO (i.v.) unless other-
wise stated. Morphine sulphate was provided by the
National Institute of Drug Abuse, and dissolved in
0.9% saline. The bifunctional peptide, TY00S, was
synthesized in our laboratories as previously
described (Yamamoto etal., 2007). SP (American
Peptide, Sunnyvale, CA, USA, cat# 70-1-10) was pre-
pared as a 1mM solution in 0.9% saline and
injected i.t. in a 10 uL volume. Beta funaltrexamine
HCI (B-FNA; Tocris, Ellisville, MO, USA, cat# 0926)
and naltrindole (NTI; Research Biochemicals, Inc.,
Natick, MA, USA, cat # N-115) were dissolved in
saline and administered in a 5 pL volume i.t. NLX
HCI (2 mg-kg™!, Tocris, cat #0599) was prepared in
0.9% saline (1 mL-kg™") and injected s.c.

Results

TYO0O0S (i.t.) produces antinociception and
does not cause motor impairment

Animals were implanted with an indwelling i.t.
cannula as described. After 7 days of recovery, base-
line PWLs to a noxious thermal stimulus were cali-
brated to fall between 20.0 and 25.0 s; the mean
value for all animals was found to be 21.5 = 0.5 s (n
= 48). TY00S (1, 3, 10 or 30 pg in 5 uL) or vehicle
(10% DMSO in MilliPore water, 5 uL) was injected,
and PWLs were recorded every 15 min for 60 min
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(Figure 1A). Maximal effect of TYOOS occurred
15 min after the i.t. injection. The highest dose
(30 ng) resulted in a maximal PWL of 32.0 = 1.0s.
TYOOS resulted in PWLs of 32.3 £ 0.7 s and 27.4 =
1.6 s, at doses of 10 and 3 pg, respectively, at the
same time-point. Each of these doses resulted in
significantly higher PWLs when compared to base-
line values or vehicle treatment alone (P < 0.01), but
did not differ from each other. TY00S (1 pg) did not
significantly alter PWL compared to baseline mea-
surements in non-injured rats (Figure 1A).

% Antinociception was calculated for each dose
of TYOOS and a dose-response curve generated
(Figure 1B). TYOOS (3, 10, 30 ug) produced signifi-
cant antinociception in non-injured animals com-
pared to vehicle treatment 15 min after i.t.
injection. Although the PWL after dosing with 1 ug
TYO0O0S5 was not statistically different from baseline or
vehicle-treated values, the % activity calculated after
this dose was significantly higher than the vehicle-
treated group (P = 0.02) 15 min after injection (i.t.).
The Aso dose to produce antinociception in response
to a thermal stimulus was determined to be 2.3 ug
(95% confidence interval (CI) 1.4-3.7 ug; Figure 1B).

TYOOS (i.t.) was evaluated for potential motor
impairment/sedation using the rotarod motor skills
assay. Animals were trained to walk on a rotating
rod for up to 180 s prior to compound or vehicle
exposure with a mean latency of 168.7 £ 5.8 s (n =
17). After the baseline values were obtained, the
animals were separated into groups of six. Vehicle-
treated animals remained on the rotarod between
158.3 and 180 s throughout the time-course. The
highest dose of TY0O0S using in the antinociception
assay (30 pg) resulted in rotarod latency between
160.2 and 180 s, which was not significantly differ-
ent from baseline values. A threefold higher dose
(100 pg) did not result in a significant decrease in
latency (142.4-180 s, P = 0.07; Figure 1C).

TYO0O0S acts as an opioid agonist in vivo

The possibility that the antinociceptive effects of
TYO05 were mediated via actions at the opioid
receptor was evaluated in non-injured animals. In
one set of animals, the mean baseline PWL was
recorded to be 22.3 = 0.5 s (n = 20). Either saline or
the non-selective opioid antagonist NLX (2 mg-kg,
s.c.) was administered 10 min prior to i.t. TY00S
(30 ng) or 10% DMSO vehicle injections (5 puL). The
animals were evaluated for changes in PWL every
15 min for the first hour after the i.t. injection,
corresponding to the time of peak effect of TY00S
and 25 min after NLX. The PWLs of animals receiv-
ing saline-10% DMSO or NLX-10% DMSO did not
differ significantly from baseline measurements
(19.1 = 2.5s and 20.0 = 1.20s respectively).
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Figure 1

TY005 produced antinociception, but not motor impairment, in non-injured animals. (A) Intrathecal TYO05 was injected at t = O min to
non-injured animals. Mean PWL responses to noxious thermal stimulus were recorded and the time of peak effect occurred 15 min after the
injection for all doses tested. Significance was observed with 10 and 30 ug when compared to vehicle and baseline latencies (*P < 0.05, ANOVA).

(B) TYOOS5 produced antinociception in a dose-dependent manner at

15 min after i.t. injection. Data are represented as the % antinociception =

SEM. (C) Motor skills were assessed using the rotarod assay after i.t. administration of TY005. The total time spent walking on a rotating rod for
a period of 180 s was recorded; data are shown as latency = SEM. At doses threefold higher than required for maximal antinociception, there was

no significant motor impairment observed (P > 0.05, ANOVA).

Animals treated with saline-TY00S5S (30 ug) had a
significantly higher mean PWL, of 31.6 = 1.4 s, than
those treated with 10% DMSO (P = 0.004). NLX
treatment 10 min before TY00S (30 ug) resulted in a
PWL of 23.5 = 3.1, significantly lower than that
seen with TY0O0S treatment alone (P = 0.04). All data
were converted to maximal % effect at the 15 min
time-point (Figure 2A).

To further delineate the actions of TYOO0S at the
opioid receptors, selective antagonists for the p- and
d-opioid receptors were used. As TYO0S did not have
any x-opioid receptor affinity in vitro, activity at this
receptor was not evaluated. To determine the activ-
ity of TY0OS at the pu-opioid receptor, a group of rats
was pretreated with B-FNA (42.5 nM in 5 pL volume,
i.t.) 24 h prior to TYOOS (30 ug in 5 puL). Doses and

times were chosen based on a previous publication
by Perlikowska etal. (2009). Pretreatment with
B-FNA (24 h) had no significant antinociceptive
effect on vehicle-treated animals (n = 10), although
the antinociceptive effect of TYO05 was significantly
decreased, confirming u-opioid activity in vivo (n =
14; Figure 2B). Additionally, §-opioid receptor activ-
ity was determined in the presence of the selective
antagonist, NTI (66 nM, S uL i.t.; Dawson-Basoa and
Gintzler, 1997) given 30 min before TY00S (30 pg in
SuL) or 10% DMSO (5puL). In vehicle-treated
animals, NTI did not produce significant antinoci-
ception (n = 10). In the presence of NTI, the anti-
nociception induced by i.t. TYO0S was significantly
lower than that induced in saline-pretreated
animals (n = 14; Figure 2B). A final group of animals
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TYO005 acted at opioid receptors in vivo. (A) The non-selective opioid receptor antagonist, NLX (2 mg-kg™), given s.c. 10 min prior to an intrathecal
injection of TY005, blocked the peak effect TYO05-mediated antinociception (*P < 0.05). TY005 (i.t.) or vehicle (10% DMSO) was given at t =
0 min. Peak antinociceptive effect of TYO05 occurred at t = +15 min, as previously shown in Figure 1. (B) Pretreatment with selective u- and
S-opioid receptor antagonists (i.t.), B-FNA (t =-24 h; 42.5 nM, 5 uL) or NTI (t=-30 min; 66 nM, 5 ulL), significantly attenuated TY005-mediated
antinociception compared to saline-pretreated animals. When the two selective antagonists were combined, the TY005-mediated effect was fully
blocked, similar to levels observed with the non-selective opioid antagonist NLX. *P < 0.05 compared to saline-10% DMSO-treated controls; **P

< 0.01 versus saline-pretreated TYO05 animals.

(n = 10) were pretreated with both B-FNA and NTI.
Co-administration of the selective antagonists sig-
nificantly and fully blocked TY00S-mediated anti-
nociception (P = 0.002) while not producing any
significant effect in animals treated with 10% DMSO
(Figure 2B).

TYO0O0S acts as an NK; antagonist in vivo

To assess NK; receptor antagonism in vivo, we evalu-
ated the effects of TYOOS against SP-induced scratch-
ing and biting. Non-injured animals do not
normally exhibit nocifensive behaviours in the
absence of SP. However, exogenous administration
of SP, i.t,, produces robust flinching and biting
behaviours (Hylden and Wilcox, 1981; Seybold
et al., 1982). In this study, animals were pretreated at
t = —15 min with either saline (1 mL-kg™?) or NLX
(2 mg-kg, s.c.) and 10% DMSO (5 uL) or TY00S (3,
10 or 30 ug in 5 ulL, i.t.; t = =10 min). All animals
received 1 mM SP (10 pL, i.t.) at t = 0 min, and this
induced noticeable flinching, biting and/or scratch-
ing of the hind paws. Animals (n = 27) pretreated
with both saline and 10% DMSO flinched a mean
total of 25.0 * 4.2 times after SP (i.t.), but when
TYO0O0S (30 pg) was given instead of 10% DMSO, that
value fell significantly (Table 1). Because TY00S con-
tains an opioid agonist pharmacophore, NLX
(2 mg-kg, s.c.) was given before both TY00S5 and SP
to isolate NK; receptor-mediated activity. NLX given
to vehicle-treated animals resulted in SP inducing a
number of flinches that was not significantly differ-
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ent from that induced in saline vehicle-treated
animals (Table 1). Animals exposed to TY00S (3 ug)
10 min prior to SP, in the presence of NLX, produced
significantly fewer flinches over the 5 min observa-
tion period than the SP alone and SP + NLX control
groups (Table 1). Increasing the TY0O0S dose to 10 ug
resulted in a decrease in the total number of flinches
when compared to rats given only SP and TY00S
(30 ug) further reduced the flinching response over a
S min period after SP compared to vehicle (Table 1).
Collectively, these data support dose-dependent
antagonist activity of TYOOS at the NK; receptor
in vivo.

Intrathecal TYOO0S reverses SNL-induced
hypersensitivities

TYO0O0S (1-30 pg in 5 uL) was given as an acute bolus
i.t. to rats that had undergone Ls/Ls SNL 7 days
earlier. Following administration, behavioural mea-
surements of tactile and thermal hypersensitivities
were obtained every 15 min for the first hour
Responses were compared to pre-injury and post-
injury PWTs, and those of vehicle-treated and i.t.
morphine-treated animals. Morphine was used for
comparison with the peptide as it is used clinically
for the treatment of neuropathic pain.

Prior to and after injury, all animals were evalu-
ated for mechanical response to non-noxious
probing of the left hind paw with calibrated von
Frey filaments. The mean PWT before SNL was 15.0
+ 0.0 g. Seven days after nerve ligation, the mean



Table 1

TY005 acts as an NK; antagonist in vivo: effects on SP-induced flinching

Mean no. of flinches

Novel peptide blocks acute and neuropathic pain

Treatment in 5 min (=SEM)
$2-10% DMSO-SP 25.0 (+=4.3)
$2-TY00530-SP 11.2 (£3.6)
NLXP-10% DMSO-SP 20.1 (£2.2)
NLXP-TY0055-SP 5.8 (+1.8)
NLXP-TY005,-SP 3.0 (=1.0)
NLXP-TY0053,-SP 2.1 (+0.9)

P value to P value to
saline-DMSO NLX-DMSO

27 - -

18 0.02* -

30 0.30 -

12 0.006** 0.001

12 0.0002** 0.001

18 0.00005** 0.0001

2S: 0.9% saline (1 mL-kg™, s.c.) or °NLX: (2 mg-kg™, s.c.) given 15-17 min before SP. DMSO (10%) or TY005 (dose indicated by subscripts;
ug in 5 pL; i.t.) was administered 10 min prior to SP (10 uL of T mM; i.t.). P values were determined using one-way ANOVA (FlashCalc) with
Newman-Keuls post hoc analysis, and significance was assumed if *P < 0.05, **P < 0.01.

withdrawal threshold was 3.0 = 0.3 g, indicating the
development of tactile allodynia (n = 58). The
animals were separated at random into i.t. treat-
ment groups: 10% DMSO vehicle, morphine (10 ug)
and TYOOS (1, 3, 10 and 30 pg). TYO0S (30 ug) sig-
nificantly attenuated SNL-induced tactile allodynia
15 and 30 min after a single i.t. injection, with the
mean PWTs being increased to 14.7 = 0.3 gand 13.4
+ 0.8 g, respectively (n = 6, Figure 3A). The 10 ug
dose of TYOOS resulted in a similar reversal of allo-
dynia with mean PWTs of 10.1 £ 1.5 g and 6.6 =
1.5 g, both 15 and 30 min following administration
(n = 9). TYOOS (3 ug) had a significant effect on
SNL-induced allodynia only 15 min after peptide
administration (n = 6); similarly, the lowest experi-
mental dose of the bifunctional peptide evaluated
(1 ug, n = 6) resulted in significant anti-allodynia
(Figure 3A). Vehicle treatment did not result in a
statistically significant reversal of SNL-induced allo-
dynia at any time-point after injection (n = 26, P =
0.33; Figure 3A). Similarly morphine administration
(10 ug, i.t.) did not significantly attenuate SNL-
induced allodynia at any of the time-points tested
(n=6; P=0.83; Figure 3A). From the PWTs obtained
15 min after TYOOS (i.t.), a dose-response curve
was generated (Figure 3C). The Asy value was
calculated to be 6.1 pg with a 95% CI of 4.2-9.0 ug
(* = 0.99).

In non-injured rats, noxious infrared stimulation
results in a mean PWL of 21.6 * 0.3 s. Seven days
after peripheral nerve ligation, the same stimulus
produced a mean PWL of 12.0 = 0.3 s, indicating
the development of thermal hyperalgesia (n = 71).
The animals were separated into treatment groups at
random. TY00S (30 ug) significantly attenuated the
enhanced sensitivity to a thermal stimulus com-
pared to post-injury, baseline values at both 15 min
(22.3 = 2.25) and 30 min (19.8 * 3.6s) after i.t.
administration (n = 6; Figure 3B). The 10 ug dose of

TYOOS resulted in a significantly higher PWL only
15 min after the bolus injection (n = 11), and the
same was observed for TY00S (3 and 1 ug) (n = 10;
Figure 3B). Morphine-treated animals withdrew the
hind paw in response to the thermal stimulus with
a mean latency similar to that of the TY00S-treated
animals15 min post-i.t. injection (n = 10), whereas
vehicle treatment did not result in a significant
change in PWL when compared to post-injury base-
line values (Figure 3B).

A dose-response curve was generated from data
collected 15 min after the i.t. injection of TYO0OS.
The % antihyperalgesic activity for each dose was
calculated and presented in Figure 3D. The As, value
was determined to be 4.0 ug in 5 uL (95% CI 1.6-
9.7 ug r* = 0.88). The dose of morphine used
resulted in 69.9 = 10.5% antihyperalgesic activity
(data not shown).

Systemic TY0O0S acutely reverses nerve
injury-induced hypersensitivities

Seven days after nerve injury, TYO0S was given i.v.
into the tail vein as an acute bolus and behavioural
measurements of tactile and thermal hypersensitivi-
ties recorded. For both tactile and thermal measure-
ments, three doses were evaluated (3, 10 and
30 mg-kg™") and compared to baseline values and
vehicle-treated control animals.

Mean PWTs in response to non-noxious tactile
probing with von Frey filaments before and after
nerve ligation for all animals were 14.6 * 0.4 g and
2.5 £ 0.2 g, respectively (n = 23). Nerve-injured
animals given TY005 (30 mg-kg™?) withdrew the
hind paw at the maximal threshold of 15.0 = 0.0 g
15 min following the tail vein injection, and 8.6 =
1.6 g at the 30 min time-point (n = 6, P < 0.0001;
Figure 4A). PWTs had returned to post-injury values
45 min after administration of TYO00S. Similarly,
treatment with 10 mg-kg™ TYOOS resulted in PWTs
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Intrathecal TYOO05 attenuated nerve injury-induced tactile and thermal hypersensitivities in a dose-dependent manner. Vehicle, TY005 (1, 3, 10,
30 pg), or morphine (10 pg) was injected spinally in SNL animals in a 5 uL volume. Non-noxious probing of the hind paw with von Frey filaments
or noxious heat stimulation was performed at 15 min time-points. The peak effects of TYO05 and morphine on the responses to (A) non-noxious
and (B) noxious stimulation were observed 15 min after i.t. injection. The % activity of TYO05 was calculated for each dose and behavioural test,
and a graded dose-response curve generated for (C) anti-allodynic and (D) antihyperalgesic effects. Acute i.t. administration of TY005 significantly
attenuated SNL-induced hypersensitivities dose-dependently when compared to vehicle-treated (*P < 0.05) and morphine-treated animals

(**P < 0.05).

significantly higher than post-injury values 15 and
30 min after injection; 11.2 = 2.2 gand 7.7 + 2.2 g,
respectively (n = 5, P < 0.001). The lowest dose of
TYOO0S evaluated, 3 mg-kg™!, significantly increased
the PWT of injured animals only at 15 min after i.v.
administration (n = 6; Figure 4A). SNL-induced
tactile allodynia was not altered in animals treated
with vehicle (20% DMSO, 1 mL-kg™) throughout
the duration of the experiment (n = 6, P > 0.05).

A dose-response curve for i.v. TYO0S was gener-
ated using data from the 15 min time-point. The %
anti-allodynic activity of each dose was calculated
and the results presented in Figure 4B. The As, value
was determined to be 7.0 mg-kg! (95% CI 5.1-
9.5 mg-kg'; * = 0.98).

In a separate group of animals, the acute effect of
TYO0O0S (i.v.) on thermal hyperalgesia was evaluated.
As in previous experiments, baseline PWLs were
recorded prior to and after peripheral nerve ligation.
The mean pre-injury baseline was 22.5 = 0.5 s; the
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post injury mean withdrawal latency was 12.8 =
0.6's, indicating the development of hyper-
sensitivity to a noxious thermal stimulus (n = 23,
Figure 4C). After i.v. administration of TYO0O0S
(30 mg-kg™), PWLs at the 15 min (20.2 * 2.9 s) and
30 min (17.0 = 2.0 s) time-points were significantly
higher than the post-injury baseline (n = 5, P =
0.004; Figure 4C). Treatment of SNL rats with
10 mg-kg™! TYOOS resulted in PWLs of 18.5 = 0.8 s
and 14.7 = 1.0 s 15 and 30 min after the i.v. injec-
tion, respectively; only the 15 min measurement
was significantly different from post-injury baseline
values (n =6, P=0.003; Figure 4C). The peak time of
effect of TY00S (3 mg-kg') was observed 15 min
post-administration, with a mean PWL significantly
higher than that of the untreated or vehicle-treated
injury (n = 6; Figure 4C). In vehicle control animals,
PWLs were not different from post-injury baseline
values over the course of the experiment (n = 6,
Figure 4C).
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Intravenous TY0O05 attenuated nerve injury-induced tactile and thermal hypersensitivities in a dose-dependent manner. Vehicle or TY005 (3, 10
or 30 mg-kg™") was injected systemically in SNL animals. Non-noxious probing of the hind paw with von Frey filaments or noxious heat stimulation
was performed every 15 min. TY005 attenuated pain-like responses 15 min after i.v. injection, (A) tactile and (C) thermal. The % activity of TYO05
was calculated for each dose, and a graded dose-response curve generated for both (B) anti-allodynic and (D) antihyperalgesic effects. Acute
systemic administration of TY005 significantly attenuated SNL-induced hypersensitivities dose-dependently when compared to vehicle treated

(*P < 0.05).

The ability of TY00S to attenuate SNL-induced
thermal hyperalgesia, 15 min after its i.v. adminis-
tration, was calculated as % activity compared to
vehicle-treated controls; a dose-response curve was
constructed and is shown as Figure 4D. The As
valued was calculated to be 6.5 mg-kg™ (95% CI
2.2-19.7 mg-kg™?; r* = 0.99).

TYO0O0S (i.t.) retains antihypersensitivity
effects after multiple exposures

In both sham-operated and SNL animals, TYOO0S5
was compared to vehicle-treated controls and
morphine-treated rats for effects after multiple
exposures. Prior to surgery and 7 days after sham or
nerve ligation, baseline tactile and thermal PWTs
and latencies were recorded. TY00S, morphine or
vehicle was administered twice daily for 11 days
afterwards, and behavioural measurements were
obtained 15 min after the morning injection. It is
important to note that at days 12-14 and 16-18, no
drug was given. At day 15, each treatment was given

as a bolus to animals previously exposed to multiple
intrathecal injections (Figure 5A).

In sham-operated animals, the mean baseline
PWT before surgery was 14.9 = 0.2 g. The mean
post-sham PWT value was significantly lower than
the pre-sham value at 13.4 £ 0.5g (n = 41, P =
0.007). Animals given twice daily i.t. injections of
10% DMSO (5 pL) did not withdraw the hind paw at
thresholds significantly different from the post-
sham threshold across the 18 day testing period (n =
20, P = 0.18; Figure 5B). In rats treated with i.t.
morphine (10 ug in SuL), PWTs are shown in
Figure 5B. Significantly lower PWTs were achieved
by the ninth day of twice daily morphine (i.t.), and
these thresholds ranged between 8.4 + 1.2 g and 4.1
+ 0.8 g for the remainder of the experiment (n =7,
P <0.001; Figure 5B), indicating the development of
allodynia to morphine alone. TYOOS (10 pg in 5 pL)
did not significantly decrease PWT at days 1-11, nor
at day 15 after the i.t. injection (n = 14, P = 0.10;
Figure 5B). At days 12-14 and 16-18, when no
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Chronic intrathecal TY005 did not produce antinociceptive tolerance in nerve-injured nor paradoxical hypersensitivity in sham-operated animals.
(A) Time line of experiment. All animals were treated with 5 uL of either vehicle (10% DMSO), TY0O05 or morphine (MS) twice daily for 11 days,
given 3 days washout (shaded areas on graph), and challenged again at day 15. Behavioural measurements were obtained at 15 min
post-injection (tactile; B and D) or at 20 min post-injection (thermal; C and E). (B) PWTs of sham-operated animals; (C) PWLs of sham-operated
animals; (D) PWTs of SNL-operated animals; (E) PWLs of SNL-operated animals. Significance was set at *P < 0.05 compared to baseline values.

TYOOS was administered, the animals withdrew the
paw at thresholds between 12.1 £ 1.6 g and 10.8 =
1.6 g, which was significantly lower than pre-sham
and post-sham thresholds only at day 18 (P =
0.0004). Collectively, these data show twice daily
injections of morphine (10 pug in 5 ulL) leads to the
development of tactile allodynia in sham-operated
animals, while animals receiving TY00S did not
develop tactile allodynia.

After the tactile PWTs had been recorded, the
animals were given 5-7 min to acclimatize for
thermal testing. Before the sham nerve ligation, the
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mean thermal PWL was 21.5 = 0.4 s, after the sham
operation, the mean PWL was 20.7 * 0.6 s, which
was not significantly different (n = 41, P = 0.26;
Figure 5C). Vehicle (10% DMSO) treatment did not
produce a significant increase or decrease in PWL
over the course of the experiment (n = 20, P = 0.29).
Rats receiving morphine had mean PWLs between
31.3 = 1.1 s and 23.5 = 1.8 s on days 1-9, demon-
strating antinociception (n = 7, P = 0.001). After 11
days of treatment with morphine, the PWL was 19.2
+ 1.0s, a value not significantly different from
post-sham values (P > 0.05), indicating loss of



antinociceptive efficacy, but not the development of
hyperalgesia in this paradigm. At day 15, a bolus
injection of morphine (10 pug in 5 pL, i.t.) did not
result in a significantly different PWL compared to
the post-sham baseline, indicating antinociceptive
tolerance (19.4 = 1.6 s, P = 0.45; Figure 5C). In the
group of animals receiving TY00S, antinociception
was evident throughout the 11 day treatment time-
course with PWLs ranging from 28.9 = 1.6 s to 24.7
+ 1.8 s (n =14, P < 0.001; Figure 5C). The rats were
challenged with an i.t. bolus of TYOO0S at day 15, and
the resulting mean PWL of 24.4 = 1.3 s recorded
further indicating the development of antinocicep-
tion after multiple exposures (P = 0.006, Figure 5C).
These data demonstrate that the in vivo antinocice-
ptive activity of TYO00S after multiple exposure is
maintained in sham-operated rats and when chal-
lenged after 3 treatment-free days, while the anti-
nociceptive actions of morphine are not.

SNL animals were prepared and exposed to the
same treatment paradigm as sham-operated animals
to evaluate potential tolerance to the antihyperalge-
sic and anti-allodynic efficacy of TY00S. Tactile
PWTs before and after nerve ligation were 14.6 =
0.3 gand 4.5 = 0.6 g, respectively (n=42, P <0.001).
Repeated vehicle treatment did not result in a sig-
nificant increase or decrease in PWTs throughout
the duration of the experiment (n = 14, P = 0.38;
Figure 5D). Nerve-injured rats given repeated injec-
tions of morphine (10 ug in 5 uL) did not have
PWTs significantly different from the mean post-
SNL threshold or those of vehicle-treated animals
across the full time-course of the experiment (n=12,
P =0.17; Figure SD). TY0O0S (10 pg in S uL), admin-
istered twice daily for 11 days, produced an increase
in PWT between 11.1 = 1.2 g and 10.2 = 1.4 g at
days 1-11 with a peak effect occurring at day 3 (12.2
+ 1.1 g). When values were compared to post-SNL
thresholds and vehicle-treated animals, the effects
of TY00S were significantly higher (n =16, P <0.001;
Figure 5D). When challenged at day 15, the animals
receiving TYOO0S withdrew the hind paw at a mean
threshold of 8.0 = 1.2 g, which was significantly
higher than post-SNL and vehicle treatment alone
(P = 0.001), but lower than the pre-injury baseline
(P = 1.3 x 10°). Compared to morphine, TY00S,
retained significant anti-allodynic activity after mul-
tiple exposures and with a single bolus challenge
after a 3 day washout period in SNL animals.

As in the sham experiment, SNL animals were
allowed to acclimatize for 5-7 min between tactile
and thermal testing. Prior to injury, the rats
removed the hind paw from the thermal stimuli at a
mean latency of 21.6 = 0.4s. After the SNL, the
mean PWL was 14.3 = 0.6 s, indicating the devel-
opment of thermal hyperalgesia (n = 39, P < 0.001).

Novel peptide blocks acute and neuropathic pain

The PWL of rats treated with vehicle did not differ
significantly from the post-SNL value (n = 14, P =
0.38). Twice daily, i.t. morphine (10 pg in 5 puL)
treatment resulted in a significant increase in PWL
compared to post-injury latencies at days 1 through
7 with values ranging from 20.0 = 1.6 s to 25.6 =
2.6 s (n=9, P=0.001; Figure 5E). The peak effect of
morphine was observed at day 3 of treatment (25.6
+ 2.6s), which was not only significantly higher
than post-injury values but also pre-injury PWLs (P
= 0.004), although not as pronounced as in non-
injured rats. At day 9, morphine did not produce a
significant increase in PWL compared to vehicle (P =
0.06), and this was further observed at day 11 when
the mean PWL in the morphine group was 16.7 =
2.0 s (P=0.14), demonstrating a decrease in antihy-
peralgesic efficacy. The morphine challenge at day
15, after 3 treatment-free days, resulted in a PWL of
20.0 = 2.6 s (P=0.002). Animals treated with TY005
withdrew the hind paw at significantly longer laten-
cies compared to the post-injury value and vehicle-
treated rats on all days of treatment (n = 16,
Figure SE); the peak antihyperalgesic effect of TYO0S
was observed at day S5 of treatment and corre-
sponded to the PWL of 24.5 = 1.7 s (Figure SE).
After 11 days, TYO0OS treatment did not result in the
development of antinociceptive tolerance in SNL-
operated rats. When treatment was discontinued for
3 days, PWLs returned to post-injury levels (days
12-14). TYOOS (10 pg in 5 pL, i.t.) was administered
as a challenge at day 15, and the resulting mean
PWL was 21.0 = 1.7 s; this was significantly higher
than vehicle-treated animals, but not when com-
pared to morphine treatment (P = 0.004 and P =
0.75, respectively).

Discussion

The present study demonstrates the in vivo activity
of a rationally designed peptide that takes advantage
of two distinct mechanisms in order to attenuate
acute and chronic pain. We have shown in non-
injured rats that targeting the p- and d-opioid recep-
tors while blocking the NK; receptor results in
antinociception, as well as antihyperalgesia in a
rodent model of neuropathic pain. More impor-
tantly, unlike morphine, spinal TY0O0S fully attenu-
ated nerve injury-induced tactile allodynia. Finally,
we demonstrated that multiple i.t. administrations
of our multifunctional peptide did not result in
the development of antinociceptive tolerance nor
sedation.

Acute nociceptive pain arising from tissue injury
or noxious input is reasonably well controlled with
opioids. Neuroplastic adaptations within pain path-
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ways, from injury or chronic opioid exposure, can
lead to an alteration of transmission and ultimately
a change in processing of the pain signal (Vanderah,
2007; Seybold, 2009). Neuropathic pain arising from
injuries to peripheral nerves is often intractable
clinically, and much effort has been devoted to
understanding the underlying mechanisms for
this pain state. Treatments for neuropathic pain
have been outlined and include tri-cyclic anti-
depressants, selective 5-hydroxytryptamine (seroto-
nin) re-uptake inhibitors, 2381 subunit calcium
channel blockers, local anaesthetics and opioids
(Dworkin et al., 2008). Despite the advances that
have been made in understanding the mechanisms
underlying neuropathic pain and the therapeutic
agents available, opioids remain one of few options
for many patients. However, the presence of adverse
side effects limits the effectiveness of opioids at
tolerable doses. In some patients receiving long-
term opioids, antinociceptive tolerance or opioid-
induced hyperesthesias may develop, thus requiring
higher doses to maintain efficacy (DuPen etal.,
2007). To address impeded pain relief and side
effects occurring with extended exposure to cur-
rently available therapies, we have characterized the
effects of a single peptide comprised of two pharma-
cophores, an opioid agonist and an NK; antagonist,
in vitro (Yamamoto et al., 2007), and here, in rat
models of acute and neuropathic pain.

The ability of acute opioid therapy to achieve
high levels of pain relief is well documented. Opioid
agonists (e.g. morphine) have the ability to modu-
late release of all pain neurotransmitters by indi-
rectly blocking calcium channels and indirectly
opening pre- and postsynaptic potassium channels
(for review see Vanderah, 2007). There have been
reports, however, that short-term application of
opioid agonists, such as remifentanil, can lead to the
development of hyperalgesia after acute withdrawal
(Angst etal.,, 2003), and may induce long-term
potentiation of c-fibres (Drdla et al., 2009). In the
latter study, the duration of action, peak effect and
potency obtained were within the range of those
observed after i.t. administration of remifentanil
(<10 min, 0.1-10 ug in 10 uL) and alfentanil (10-
30 min, 10-100 ug in 10 uL) (Buerkle and Yaksh,
1996). Although these phenomena were not
observed in the present study, they may be of inter-
est in future investigations with i.t. TYOO0S, or its
derivatives, given its similarities to the short-acting
opioids. Furthermore, it is important to determine
the stability of this peptide in the CNS as its metabo-
lites may also be active at the individual receptor
subtypes.

Previous studies using NK; receptor antagonists
alone for the treatment of pain have produced
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mixed results. Depending on the stimulus and the
intensity thereof, both antinociception with very
little effect on acute nociception have been reported
with NK; antagonists (Garces et al., 1993; Rupniak
et al., 1993; Hill, 2000). The lack of specificity of the
effects of these NK; antagonists in these models
suggests that other pain neurotransmitters, includ-
ing glutamate and CGRP, are able to induce nocice-
ption (Hill, 2000; Woodcock et al., 2007).

Studies on the effects of peripheral nerve injury
have reported both decreases and increases in SP
immunoreactivity in the dorsal root ganglion and
ipsilateral dorsal horn, while inflammation leads to
an increased SP concentration within the dorsal
horn of the spinal cord (review by Seybold, 2009).
Likewise, both decreases and increases in SP release
have been observed after nerve injury (Malcangio
etal.,, 2000; Hughes etal., 2007). Despite these
differing results and the seeming lack of effect
at producing acute antinociception, spinal NK;
antagonists have been reported to alleviate both
injury-induced thermal and tactile hypersensitivi-
ties (Cumberbatch et al., 1998; Cahill and Coderre,
2002).

Given the conflicting literature and our own
results showing increases in both SP content and
release, as well as NK; internalization after chronic
opioid therapy (King et al., 2005), in the present
study, we evaluated the efficacy of the spinal and
systemic administration of TYOO0S, a bifunctional
peptide, in a model of peripheral neuropathic pain.
SNL rapidly induces both thermal hyperalgesia and
tactile allodynia; TYOOS was found to completely
attenuate the tactile allodynia in this model,
whereas morphine alone (i.t.) had less than 20%
anti-allodynic effect, as previously reported (Lee
etal., 1995); although other groups have demon-
strated greater attenuation of nerve injury-induced
allodynia after morphine (i.t.) (Zhang et al., 2005).
Systemic administration of morphine has been
shown to attenuate Ls/L¢ tactile allodynia, yet spinal
administration of morphine did not have a signifi-
cant effect in this model (Bian etal., 1995). We
found that TYO0OS attenuated SNL-induced hyper-
sensitivities to the same levels after both systemic
and intrathecal administration. These results
suggest that TYOOS may cross the blood brain
barrier, although plasma half-life and metabolic sta-
bility still need to be determined. Given the linked
pharmacophore design of TY00S (Yamamoto et al.,
2007), it is possible that the resulting metabolites
may have effects that outlast the parent peptide,
which may be responsible for the in vivo activity of
TYOOS after systemic administration. Future studies
are ongoing to investigate further TY derivatives and
their CNS penetration.



The present data support the notion that incor-
poration of an opioid agonist and NK; antagonist
into one compound will provide a useful therapy
for neuropathic pain states. It could be a useful as
an alternative to morphine, because spinal TY00S
appears to be more effective at attenuating
mechanical allodynia than morphine while retatin-
ing antinociceptive efficacy. Recent findings in
rodent models have suggested that SP and NK;
receptor activation have a role in temporoman-
dibular joint pain and inflammation (Takeda et al.,
2005), and this has been supported by further
studies where similar mechanisms have been pro-
posed (Torsney and MacDermott 2006; Zhang
et al., 2008).

Sustained administration of opioids can lead to
the development of antinociceptive tolerance
(Ossipov et al., 2005), so higher doses need to be
administered to achieve adequate pain relief.
Repeated exposure of opioids can also produce OIH
both pre-clinically and clinically (Vanderah et al.,
2001b; Dworkin et al., 2008), which may be the
behavioural representation of antinociceptive toler-
ance as a result of increases in excitatory neurotrans-
mitters (Gu et al., 2005; Vanderah, 2007). The results
presented here suggest that an opioid agonist in
combination with an NK; antagonist does not result
in OIH. These accord with previous findings, which
showed that morphine-induced antinociceptive tol-
erance and hyperalgesia could be attenuated or
reversed by co-treatment with an NK; antagonist
or prevented by deleting cells expressing the NK;
receptor in the spinal dorsal horn wusing a
conjugated neurotoxin (Powell et al., 2003; Vera-
Portocarrero et al., 2007).

The use of a single compound, rationally
designed to target multiple systems, such as TYOOS,
introduces an alternative approach to the
co-administration of individual agents alone as in
the study by Powell etal. (2003). The standard
approach in the management of clinical pain looks
to adjunctive therapies of available agents to opti-
mize pain relief (Dworkin et al., 2008). However,
the agents available must be balanced for each
patient, with regard to efficacy and safety within
the current treatment schedule. The use of
designed, multivalent, chimeric molecules, like
TYO0O0S, has advantages over a cocktail of individual
drugs for ease of administration, a simple ADME
property, no drug-drug interaction and the poten-
tial to achieve a higher local concentration. Also,
because the expressions of the NK; and opioid
receptors show a significant degree of anatomical
overlap in the central nervous system, effects on
both receptors could lead to synergies in potency
and efficacy.

Novel peptide blocks acute and neuropathic pain

Conclusions

In this study, we have provided the initial evidence
that a peptidomimetic compound introduces an
alternative to the enhanced synergy of combined
pain therapeutics. By designing compounds that
target multiple mechanisms of action for both anti-
nociceptive efficacy, as well as side effects, we have
produced a novel compound that addresses some
aspects of the nerve injury state and sustained
opioid pathophysiology. This is the first report dem-
onstrating in vivo behavioural studies with a com-
pound designed to have agonist and antagonist
activity at three distinctly different receptors (u-,
d-opioid agonist and NK; antagonist) involved in
neuropathic pain. Our data validate the concept of
targeting multiple mechanisms within the pain
pathways, and show that a multifunctional peptide
design is efficacious in rodent models of acute and
neuropathic pain. They also indicate that a multi-
modal approach to pain therapy may decrease or
attenuate the unwanted side effects and anti-
nociceptive tolerance associated with chronic
opioid exposure.
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