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ically-available N-Methyl-D-aspartate (NMDA)-receptor antagonists, is known to
improve the analgesic efficacy of opioids in humans and rodents. However, the use of ketamine in combination
with opioids ismainly restricted to the perioperative setting, due to severe psychotomimetic, sedative andmotor
side effects. Recent data from our laboratory demonstrated that a major metabolite of ketamine, norketamine, in
particular the S(+) enantiomer, had a better antinociception/side effects profile than ketamine in rats. It is
unknown if norketamine affects opioid antinociception. In the present study, morphine (a low dose) was
combined with S(+)- and R(−)-norketamine (sub-antinociceptive doses) and characterized utilizing rodent
models of pain including: thermal nociception (the tail-flick test), peripheral neuropathy (chronic constriction
nerve injury) and tonic inflammatory pain (the formalin test). The data showed that: 1) Norketamine enhanced
morphine antinociception and blocked tolerance to this effect; 2) Norketamine potentiated morphine
effectiveness in the alleviation of symptoms resulting from injury to nerve (mechanical hyperalgesia, tactile
allodynia) and peripheral tissue (formalin-induced nociceptive behavior); 3) S(+)-norketamine wasmore potent
than R(−)-norketamine; 4) Antinociception was not confounded by significant side effects. Morphine-S(+)-
norketamine combination drug therapymay prove clinically useful for the alleviation of acute and chronic pain of
differing etiology.

© 2008 Published by Elsevier Inc.
1. Introduction

µ-Opioids (e.g. morphine, oxycodone) remain the primary drugs
for the treatment of moderate to severe acute and chronic pain.
Nociceptive pain, a result of activation of peripheral nociceptors by
various stimuli (e.g. surgical incision, inflammatory mediators) is
typically successfully treated with opioids. Although opioids are also
used for neuropathic pain (e.g. radiculopathy, complex regional pain
syndrome) it is often with less success and requiring higher doses. In
addition to dose-limiting side effects (cognitive dysfunction, respira-
tory depression, constipation) the clinical utility of opioids is often
hampered by the development of analgesic tolerance with long-term
use and more recently appreciated, the development of opioid-
induced hyperalgesia (Ballantine, 2006; Ballantine and Mao, 2003;
Harden, 2002, Mao, 2002, reviews). One approach to address these
issues has been to consider combining opioids with drugs from other
classes (Kalso, 2005; Gilron and Max, 2005, reviews).

Evidence exists for a role of the N-Methyl-D-aspartate (NMDA)-
receptor complex inpainprocessing, inparticular in chronic pain states
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where central sensitization is involved (i.e. neuropathic pain) (Bennett,
2000, review). Interactions between µ-opioid-receptors and NMDA-
receptors in antinociceptive pathways have been described (Mao 1999,
review). Therefore, attention has focused on the concept of combining
µ-opioidswithNMDA-receptor antagonists. The potential utility of this
approach has been demonstrated in rodents and humans whereby
NMDA-receptor antagonists have been shown to enhance opioid
antinociception and reduce development of tolerance (Mao 1999;
Prince et al., 2000; Subramaniam et al., 2004; Sveticic et al., 2005;
Wiesenfeld-Hallin, 1998, reviews). Preclinical studies have demon-
strated that NMDA-receptor antagonists also block opioid-induced
hyperalgesia (Celerier et al., 2000, Holtman and Wala, 2005, Laulin
et al., 2002; van Elstraete et al., 2005).

Unfortunately, blockade of the NMDA-receptor not only causes
desirable effects (i.e. enhancement of opioid antinociception, prevention
of tolerance, blockade of opioid-induced hyperalgesia), but also evokes
unacceptable phencyclidine (PCP)-like psychotomimetic side effects. As
far as clinically-availableNMDA-receptorantagonist agents are concerned,
themostefficaciousdrug, ketamine, producesmarkedsedation, dysphoria
and hallucinations and thus, its use as an adjuvant agent with opioids has
practically been restricted to perioperative settings (Hocking and Cousins,
2003; Visser and Schug, 2006; White and Ryan, 1996, reviews). Clinical
data on other drugs with NMDA-receptor antagonistic activities (dex-
tromethorphan, memantine, amantadine) are contradictory (McCartney
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et al., 2004, review). With these factors inmind, identification of an agent
that possesses the capability of antagonizing the NMDA-receptor without
causing marked sedative and psychotomimetic effects would be of
significant benefit. A recent study suggests that norketamine (primary
metabolite of ketamine) may be useful in this regard (Holtman et al.,
2007). Norketamine has a lower affinity at the PCP site of the NMDA-
receptor compared to ketamine (Ebert et al.,1997) likely resulting in fewer
side effects. Moreover, the fact that norketamine has enantiomers, S(+)
and R(−), opens the possibility that one enantiomer could be better suited
than the other for use as an adjuvant agent.

The present study was conducted to determine the effect of the
norketamine enantiomers on morphine antinociception. This was done
by combining morphine (low doses) and S(+)- or R(−)-norketamine
(non-antinociceptive doses) and characterizing their efficacies in rodent
models of nociceptive, neuropathic and inflammatory pain. These
models included: 1) acute thermal nociception (tail-flick test), 2)
peripheral neuropathy (chronic constriction nerve injury, CCI) and 3)
tonic inflammatory pain (formalin test). In order to assess side effects,
motor function (rotarod) and locomotor activity were determined.

2. Methods

2.1. Animals

Male SpragueDawley rats (≈90days old,≈350g;Harlan, IN)wereused
in this study. Rats were housed separately in a transparent cage, with free
access to standard laboratory chow and tap water in a humidity- and
temperature-controlled facility (lights on 0600–1800 h). Experiments
were conducted during the light phase of the cycle. Rats were trained in
the test situation before initiation of the experimental procedure. Body
weights were determined on the day of experiment. A cross-over
paradigm was used (whenever possible) to minimize the number of
rats. Rats were euthanized with pentobarbital sodium (150 mg/kg). All
testing was performed in accordance with the guidelines of the National
Institute of Health Guide for Care and Use of Laboratory Animals
(Publication No. 85-23, revised 1985). The protocol was approved by the
University of Kentucky Animal Care and Use Committee.

2.2. Drugs

S(+)-Norketaminehydrochloride andR(−)-norketaminehydrochloride
were synthesized by Yaupon Therapeutics, Inc. (Radnor, PA). Morphine
sulfatewasobtained fromMallincrodt (St. Louis,MI).Drugsweredissolved
in saline and administered either by the intraperitoneal (IP, 1 ml/kg) or
intrathecal (IT, 10 µl) routes. Saline (vehicle) served as control. Doses refer
to salt forms.

2.3. Tail-flick test

The purpose of this study was to characterize morphine-norketa-
mine antinociception and the effect of norketamineon the development
of tolerance to the antinociceptive effect of morphine. In addition, the
action of the drug combinations was also examined at a spinal level to
provide insight regarding site of action. The responsiveness to radiant
heat was assessed in the tail-flick test (D'Amour and Smith, 1941). Tail-
flick latency (TFL, s) wasmeasured by recording the time from the onset
of heat stimulus to the tail towithdrawal of the tail from the heat source
using a standard tail-flick apparatus (EMDIE Instrument Co., Roanoke,
VA). Power intensity was adjusted to yield baseline TFL equal to 2–3 s. A
cut-off timewas set to 10 s to avoid possible tissue damage. Three series
of experiments were done.

First, rats (8/group) were treated withmorphine, S(+)-norketamine or
R(−)-norketamine alone, as well as a fixed dose of morphine (3 mg/kg) in
combination with various doses of S(+)- or R(−)-norketamine (0.75, 1.5,
3 mg/kg). Drugs were administered by the IP route at weekly intervals. A
double-block Latin square design (4×4) was used for randomization of
doses. Responsiveness (TFL) was measured prior to (twice, 15 min apart)
and at 15, 30, 60 and 120 min after injection.

Second, rats (8/group)were subjected to chronic catheterization of the
spinal subarachnoid space (Yaksh and Rudy, 1976). Thereafter, they were
treated with morphine and S(+)-norketamine alone or a fixed dose of
morphine (0.5 µg) in combinationwith various doses of S(+)-norketamine
(10, 50, 100 µg). Injections (10 µl) were made via IT catheter at weekly
intervals (randomizeddoses). The TFLsweremeasured at 0,15, 30, 60,120,
and 180 min after injection.

Third, rats (8/group) were repeatedly exposed to morphine alone
(7 mg/kg) or in combination with S(+)-norketamine (3 mg/kg)
administered IP two times/day for 12 days (approximately at 0900
and 1700). This time and dosing regimen with morphine has
previously been demonstrated to produce antinociceptive tolerance
(Holtman et al., 2004). Responsiveness (TFL) was assessed daily prior
to (baseline) and 30 and 60 min after the morning dose.

2.4. Chronic constriction nerve injury (CCI)

2.4.1. Surgery
The rodent model of peripheral neuropathy (the chronic constriction

nerve injury, CCI) (Bennett and Xie, 1988) was used to characterize the
antihyperalgesic and antiallodynic effects of morphine and norketamine
combination therapies. Rats were subjected to a sciatic nerve ligation (left
paw) and sham surgery (right paw). Briefly, under pentobarbital
anesthesia (40 mg/kg, IP) the sciatic nerve (about 7 mm) was freed from
adhering tissue and four loose ligatureswere tied around thenerve (1mm
apart) using 4.0 chromic catgut. In sham surgery, the sciatic nerve was
exposed but was not ligated. The incisionwas closed with silk thread 3.0.
Rats showed amild inversion of the affectedpawand amild degree of foot
drop. No severe motor impairment was observed. Mechanical hyperalge-
sia and tactile allodynia developed within 7 days after surgery.

2.4.2. Mechanical hyperalgesia
Enhanced sensitivity to mechanical noxious stimuli (mechanical

hyperalgesia) was evaluated using the paw pressure test (Randall and
Selitto, 1957). This was done prior to surgery (pre-CCI baseline) and on
post-surgery days 7, 9,11 and 14 (time ofmaximumhyperalgesia). Briefly,
the hind paw was placed between a flat surface and a blunt pointer
(Analgesimeter, UGO Basile; Italy) and increasing pressurewas applied to
the dorsal side of the paw (32 g/s, cut-off=300 g). Rats (8/group) were
treatedwithmorphine, S(+)- and R(−)-norketamine alone, aswell aswith
afixed dose ofmorphine (3mg/kg) in combinationwith various doses of
S(+)-norketamine (0.01, 0.1 and 1mg/kg) or R(−)-norketamine (0.75,1.5
and 3 mg/kg). Drugs were administered by the IP route (randomized
doses). Vocalization threshold (VT, g) was measured prior to (baseline)
and at 15, 30, 45, 60 and 120 min after injection.

2.4.3. Tactile allodynia
Responsiveness to a normally painless stimulus (allodynia) was

determined prior to and on post-surgery days 7, 11, 14 and 17 (time of
maximum allodynia), as previously described (Chaplan et al., 1994).
Briefly, von Frey filaments (Stoelting, Wood Dale, IL) with incremental
stiffness (0.4–15 g) were presented to the mid-plantar surface of the
hind paw and held there for 6–8 s. A sufficient force was applied to
cause slight buckling against the paw. A positive response was noted
either by the sharp paw withdrawal or flinching immediately upon
the removal of the filament (paw withdrawal threshold, PWT, g). Each
hair was applied 10 times and the number of positive responses were
recorded (the percent response). If no response was elicited by the
initially selected filament a stronger stimulus was presented. The 50%
PWT was calculated. Rats (4/group) were treated (IP; randomized
doses) with morphine and S(+)-norketamine alone and a fixed dose of
morphine (1 mg/kg) in combination with various doses of S(+)-
norketamine (2, 4 and 8 mg/kg). Responses were assessed prior to
(baseline) and at 15, 30, 45, 60 and 120 min after injection.
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2.5. Formalin test

A ratmodel of tonic inflammatory pain (the formalin test)was used in
this study (Wheeler-Aceto and Cowan,1991). Fifty µl of formalin (5%)was
injected subcutaneously (SC) into the dorsal surface of the left hind paw.
This procedure typically produces a biphasic behavioral response
consisting of flinching, lifting and licking. The first phase (0–10 min) is
thought to result from direct stimulation of nociceptors (nociceptive
pain)whereas the secondphase (20–60min) is thought to involve central
sensitization. Rats (4–8/dose/treatment) were pretreated 15 min prior to
formalin (SC) injection with morphine, S(+)-norketamine and R(+)-
norketamine alone and a fixed dose of morphine (0.5 mg/kg) in
combination with various doses of S(+)-norketamine (0.01, 0.1, 0.5 and
1mg/kg) or R(−)-norketamine (0.5,1 and 1.5mg/kg) administered by the
Fig. 1. Time courses of responsiveness to thermal noxious stimulus (tail-flick latency, TFL, s) follo
(S-NKET) alone andMOR in combinationwith S-NKET; [Panel B]MOR and R(−)-norketamine (R
possible effect (%MPE, at peak time): [Panel C]MOR andS-NKETalone and in combinations; [Pan
mg/kg, IP. Data are mean±SEM (n=8 rats). ⁎Significantly different from MOR (3 mg/kg) alone (
IP route. Saline served as control. Incidences of formalin-induced
flinching were counted continuously in 5 min intervals for 60 min.
Each rat received only one treatment.

2.6. Rotarod performance test

Motor coordinationwasdeterminedusing the rotarod test (Watzman
et al.,1964). Rats (6/group)were trained to run on a rat rotarod apparatus
(Ugo Basile, Comeno, Italy) at a constant speed (10 rev/min) for 180 s on
two consecutive days. Thereafter, they were treated with morphine
(3 mg/kg) and S(+)-norketamine (3 mg/kg) alone and in combination
(IP). Each rat was placed on the rotarod prior to and 5, 15, 30, 60 and
120 min after injection and the time for which it was able to remain on
the drumwas recorded (cut-off=180 s).
wing intaperitoneal (IP) administration: [Panel A]morphine (MOR) and S(+)-norketamine
-NKET) alone andMOR in combinationwith R-NKET (the tail-flick test). Percentmaximum
elD]MORandR-NKETalone and in combinations. Saline (IP) servedas control. Doses are in
Pb0.05, post-hoc SNK).



Fig. 2. [Panel A] Time courses of responsiveness (tail-flick latency, TFL, s) to thermal noxious stimulus following intrathecal (IT) administration of morphine (MOR) and S(+)-
norketamine (S-NKET) alone and MOR in combination with S-NKET (the tail-flick test). [Panel B] Percent of maximum possible effect (%MPE, at peak time): MOR and S-NKET alone
and in combination. Saline (IT) served as control. Doses are in µg, IT. Data are mean±SEM (n=7–9 rats). ⁎Significantly different from MOR (0.5 µg) alone (Pb0.05, post-hoc SNK).
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2.7. Locomotor activity

Effects ofmorphine (7mg/kg, IP) and S(+)-norketamine (3mg/kg, IP)
aloneand in combinationon locomotoractivity (ambulation andvertical
movement; 5 min epoch) were determined utilizing an Opto-Varimex
infrared photocell-based activity monitor (Life Science, Columbus, OH).
Rats were tested prior to (baseline) and 60 min after injection.
Fig. 3. Responsiveness to a thermal noxious stimulus across the timeof repeated administrationofm
in the tail-flick test. Drugswere administered by the intraperitoneal (IP) route twice daily for 12 da
(n=8 rats). ⁎Significantly different fromMOR alone (P 0.05; post-hoc SNK); +significantly different
2.8. Statistical analysis

Responses (TFL, VT, PWT)were normalized for baseline values. Percent
maximum possible effect (%MPE; antinociception) was calculated at the
time of peak response: %MPE=(TFL−baseline)/(cut-off−baseline)⁎100.
The overall effects (antihyperalgesia, antiallodynia) were presented as
areas under the time curves (AUC0− t calculated by the trapezoidal rule) for
orphine (MOR, 7mg/kg) aloneand in combinationwith S(+)-norketamine (S-NKET, 3mg/kg)
ys. Data are presented as percentage of maximumpossible effect (%MPE) and aremean±SEM
from Day 1 (Pb0.05; post-hoc SNK).
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baseline-normalized responses (VT, PWT). Data were analyzed using
regression analysis, analysis of variance (ANOVA), post-hoc Student
Newman Keuls test (SNK) and t-test. Level of significance was P≤0.05.
All data are mean±SEM (n rats).

3. Results

3.1. Effect of norketamine on morphine antinociception and tolerance
(tail-flick test)

The antinociceptive effects of morphine alone and in combination
with various doses of S(+)- and R(−)-norketamine (0.75–3 mg/kg) were
Fig. 4. Time courses of responsiveness to a mechanical noxious stimulus (vocalization thresh
norketamine (S-NKET) alone and MOR in combination with S-NKET; [Panel B] MOR and
constriction nerve injury, CCI, the paw pressure test). The overall effect (area under the curve
D]MOR and R-NKETalone and in combinations. Saline (IP) served as control. Doses are inmg/
(Pb0.05, post-hoc SNK).
characterized after the IP route of administration in the tail-flick test.
Norketamine, in doses that did not produce measurable effects, dose-
dependently enhanced the antinociceptive effect of morphine (dose:
F3,127=147.8 and 11.7, Pb0.0001; time: F3,127=18.3 and 15.5, Pb0.0001;
dose×time: NS and F9,127=2.2, Pb0.05 for S(+)- and R(−)-norketamine,
respectively). The enhancement is evident at several points of the time
course (Fig.1A,B), aswell as in the %MPE (Fig.1C,D). The effect wasmore
pronounced with the S(+) (Fig. 1A,C) compared to the R(−) enantiomer
(Fig. 1B,D). For example, morphine (3 mg/kg) in combination with S(+)-
norketamine (3mg/kg)producedmaximumpossible effect (%MPE≈100%).
An effect of equal magnitudewas achieved only after administration of an
approximately three-fold higher dose (10 mg/kg) of morphine alone.
old, VT, g) after intraperitoneal (IP) administration: [Panel A] morphine (MOR) and S(+)-
R(−)-norketamine (R-NKET) alone and MOR in combination with R-NKET (chronic
0–120 min, AUC, g×min): [Panel C] MOR and S-NKET alone and in combination; [Panel
kg, IP. Data aremean±SEM (n=8 rats). ⁎Significantly different fromMOR (3mg/kg) alone
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Morphine (3mg/kg) in combinationwithR(−)-norketamine (3mg/kg)was
less effective and only produced approximately 60% MPE.

The effect of morphine in combination with S(+)-norketamine was
also examined at the spinal level (IT). The time course of the effect and
the %MPE are shown in Fig. 2A and B, respectively. The data showed that
the antinociceptive effect of morphine was significantly enhanced, in a
dose-related fashion, by S(+)-norketamine (dose: F3,139=27.4, Pb0.001;
time: F6,139=46.6, Pb0.001; dose×time: F18,139=8.1, Pb0.001). The effect
of morphine (0.5 µg) in combination with the highest dose of S(+)-
norketamine (100 µg) tested produced approximately 100%MPE. This %
MPE could only be achieved after administration of a sixty-fold higher
dose of morphine alone (30 µg).

Theeffects of repeateddosingofmorphinealone (IP) or incombination
with S(+)-norketamine were determined, as well. These findings are
presented in Fig. 3. Tolerance developed to morphine antinociception
(b5%MPE) by Day 10with repeated dosing (7mg/kg/2×day), as shown in
our previous studies (Holtman et al., 2004). Tolerance to morphine was
blocked when combined with S(+)-norketamine (3 mg/kg) [treatment:
F1,121=70.7, Pb0.001; time: F7,121=21.7, Pb001; treatment×time:
F7,121=12.7, Pb0.001]. Of note, neithermorphine alone nor in combination
withS(+)-norketaminehadaneffecton thebaseline responsiveness across
time of chronic treatment as evidenced by preinjection values; morphine
alone: TFL=2.21±0.14 s and 2.75±0.2 s; morphine and S(+)-norketamine:
TFL=2.29±0.08 s and 2.53±0.09 s on Day 1 and Day 12, respectively.

3.2. Chronic constriction nerve injury (CCI)

Chronic constriction nerve injury (CCI) resulted in significantly
decreased thresholds to mechanical noxious stimuli (hyperalgesia)
compared to pre-surgical threshold: VT (pre-CCI)=196.2±6.3 g versus
VT (post-CCI)=116.9±6.8; 97.5±4.4; 90.6±5.2and105.1±4.5gondays7, 9,
11 and 14 after CCI, respectively (F4,39=63.9, Pb0.0001). Sham operation
hadnoeffecton thepain threshold:VT=193.7±7.0; 196.9±5.0; 207.5±3.3;
183.1±7.9 and 181.9±6.4 g prior to and on days 7, 9, 11 and 14 after sham
surgery, respectively. In addition, ligation of the sciatic nerve resulted in
decreased thresholds to normally non-noxious mechanical stimulus
Fig. 5. [Panel A] Time courses of the responsiveness (pawwithdrawal threshold, PWT, g) to initiall
(IP) of morphine (MOR) and S(+)-norketamine (S-NKET) alone and in combination. [Panel B] The
combination. Saline (IP) served as control. Doses are in mg/kg, IP. Data are mean±SEM (n=4 rats)
tactile allodynia) compared to sham surgery: PWT (CCI paw)=1.05±0.15;
0.92±0.11; 0.9±0.26 and1.08±0.75 g versus PWT (shampaw)=8.69±1.15;
8.38±1.72; 6.72±1.53 and 6.98±0.71 g on days 7, 11, 14, and 17 after
surgery, respectively (Pb0.001; t-test).

3.3. The antihyperalgesic effects of norketamine-morphine combination
(CCI model)

The antihyperalgesic effect of morphine alone and in combination
with various doses of S(+)-norketamine (0.01–1 mg/kg) and R(−)-
norketamine (0.75–3 mg/kg) were characterized after the IP route of
administration in the CCI model (Fig. 4). Both S(+)- and R(−)-
norketamine, at doses that did not produce significant effects of their
own, enhanced in dose-related manner the antihyperalgesic effect of a
low dose of morphine in the CCI paw (dose: F3,139=21.4 and F3,159=10.9,
Pb0.0001; time: F4,139=17.4 and F4,159=19.9, Pb0.0001; dose×time:
F12,139=5.9; Pb0.0001 and NS for S(+)- and R(−)-norketamine, respec-
tively). The enhancement is evident at several points of the time curves
(Fig. 4A,B), aswell as in the overall effect (AUC) (Fig. 4C,D). The effectwas
more pronounced with the S(+) enantiomer (Fig. 4A,C) compared to the
R− enantiomer (Fig. 4B,D). For example, combiningmorphine (3 mg/kg)
with S(+)-norketamine (1 mg/kg) resulted in an effect approximately
equal to the effect produced by a four-fold higher dose of morphine
alone (12 mg/kg). Morphine (3 mg/kg) in combination with R(−)-
norketamine (3 mg/kg) was less effective.

3.4. The antiallodynic effects of norketamine-morphine combination (CCI
model)

The antiallodynic effect of morphine in combination with S(+)-
norketaminewas assessed by von Frey hair (Fig. 5). S(+)-Norketamine, at
doses that were not effective against tactile allodynia (2–8 mg/kg),
enhanced in a dose-relatedmanner the antiallodynic effect of a lowdose
morphine in the CCI paw (dose: F4,174=6.4, Pb0.001; time: F5,174=20.4,
Pb0.001; dose×time: NS). This was evident at several point along the
time course (Fig. 5A) and in the overall effect (AUC) (Fig. 5B). For
y non-noxiousmechanical stimuli (tactile allodynia) following intraperitoneal administration
overall effect (area under the curve 0–120 min, AUC, g×min): MOR and S-NKET alone and in
. ⁎Significantly different fromMOR (1 mg/kg) alone (Pb0.05, post-hoc SNK).



Fig. 6. Time courses of formalin-induced behavior (number of flinches/5 min epoch): [Panel A] saline (control), morphine (MOR), S(+)-norketamine (S-NKET) and R(−)-norketamine
(R-NKET); [Panel B] MOR in combinationwith S-NKET; [Panel C] MOR in combinationwith R-NKET. Drugs were administered by the intraperitoneal (IP) route. Doses are in mg/kg, IP.
Data are mean±SEM (n=4–7 rats/dose). ⁎Significantly different from MOR (0.5 mg/kg) alone (post-hoc SNK, Pb0.05).
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example, the effect of morphine (1 mg/kg) in combination with S(+)-
norketamine (8 mg/kg) was similar to the effect achieved by a four-fold
higher dose of morphine alone (4 mg/kg).

3.5. Effect of norketamine-morphine combination in rats with formalin-
induced hindpaw inflammation (the formalin test)

The formalin injection paradigm was used to assess efficacy of
morphine alone and in combinationwith S(+)- or R(−)-norketamine in
a rat model of tonic inflammatory pain (Fig. 6). Formalin-induced
Fig. 7. [Panel A] Themotor effect (latency to fall, s) of morphine (MOR, 3mg/kg) and S(+)-nork
activity (LOC, score/5 min) following administration of MOR (7 mg/kg) and S-NKET (3 mg/kg
Saline (IP) served as control. Data are mean±SEM (n=6–8 rats).
nociceptive behavior (flinches) consisted of two typical phases: an
early phase (0–10min; nociceptive pain) and a late phase (20–60min;
central sensitization) in control rats (see saline; Fig. 6A). The effects of
morphine, S(+)-norketamine and R(−)-norketamine alone were also
shown in Fig. 6A. S(+)-Norketamine (0.01–1 mg/kg) enhanced, in a
dose-related fashion, the ability of morphine to block flinches in the
second phase of the formalin test (dose: F4,251=24.0, Pb0.0001; time:
F8,251=7.5, Pb0.0001; dose×time=F32, 251=1.6; Pb0.05) (Fig. 6B versus A).
Only the high dose of R(−)-norketamine (1.5 mg/kg) tested significantly
potentiated morphine activity (dose: F3,179=10.3, Pb0.0001; time:
etamine (S-NKET, 3 mg/kg) alone and in combination (rotarod test). [Panel B] Locomotor
) alone and in combination. Drugs were administered by the intraperitoneal (IP) route.
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F8,179=10.7, Pb0.0001; dose×time: NS) (Fig. 6C versus A). Effect was less
pronounced in the first phase in this test.

3.6. Effect of norketamine and morphine combination on motor
coordination (rotarod performance test)

Morphine (3mg/kg) in combinationwith S(+)-norketamine (3mg/kg)
had no effect on motor coordination in rats. This was evident by the time
spenton rotarod equal to cut-off value (180 s) (Fig. 7A).Of note, at these (or
lower) doses of morphine and S(+)-norketamine combination therapy
maximum effects were achieved in the tail-flick, CCI and formalinmodels
(see Figs. 1, 4 and 6).

3.7. Effect of norketamine on the locomotor effect of morphine

Locomotor activity was not significantly affected by morphine
(7 mg/kg) in combination with S(+)-norketamine (3 mg/kg) (Fig. 7B).

4. Discussion

The major findings of the present study are that a primary
metabolite of ketamine, norketamine [the S(+) enantiomer to a greater
extent than the R(−) enantiomer]: 1) enhances morphine antinocicep-
tion in an acute pain model 2) attenuates the development of
tolerance to this effect; and 3) increases the antinociceptive effective-
ness of morphine in rodent pain models involving central sensitiza-
tion (i.e. injury to nerve or tonic inflammatory pain). Importantly,
maximum analgesia is achieved without the side effects commonly
seen with higher doses of morphine and/or NMDA-receptor antago-
nist. The present data suggest that norketamine, in particular the S(+)
enantiomer, may be useful in combination with morphine for
treatment of pain of differing etiologies including acute nociceptive,
neuropathic and persistent inflammatory pain.

Norketamine, in a dose range with no antinociceptive activity,
significantly enhanced the antinociceptive effect of low doses of
morphine in the tail-flick test. The spinal cord is an important site of
action as shown by the pronounced enhancement of morphine
antinociceptive effects by S(+)-norketamine following intrathecal
administration of the drugs. This finding is consistent with the report
of Joo et al. (2000) showing a greater enhancement of morphine (IT)
antinociception by S- versus R-ketamine in rats. Previously we found
an ED50 value formorphine of 2.63±0.72mg/kg (IP) in the tail-flick test
(Holtman and Wala, 2005). In the present study, maximum anti-
nociceptionwas achievedwhenmorphine (3mg/kg, IP) was combined
with a dose of S(+)-norketamine (3 mg/kg, IP) that had no
antinociceptive activity by itself. Whether this effect is synergistic
will need to be resolved with isobolographic analysis.

Another important aspect of combining morphine with S(+)-
norketamine was evident as inhibition of the development of
antinociceptive tolerance with repeated morphine dosing (the tail-
flick test). This finding is in agreementwith the notion that the NMDA-
receptor plays a significant role in the mechanism of opioid tolerance
(Mao, 1999, review). A number of studies, both from our laboratory
and others, present abundant evidence that blockade of the NMDA-
receptor (i.e. MK-801, ketamine, dextromethorphan) results in
enhancement and prolongation of opioid antinociception in rodents
(Belozertseva et al., 2000; Craft and Lee, 2005; Grass et al., 1996;
Kozela et al., 2001; Holtman et al., 2003; Nadeson et al., 2002;
Nemmani et al., 2004; Plesan et al., 1998; Shimoyama et al., 1996).
However, data from clinical studies with ketamine indicate that it
(sub-anesthetic dose) reduces opioid consumption in the periopera-
tive setting but is often poorly tolerated due to the side effects (Elia
and Tramer, 2005; Subramaniam et al., 2004; Sveticic et al., 2005,
reviews).

Both hyperalgesia and allodynia demonstrated in rodents following
nerve injury (i.e. chronic constriction injury of sciatic nerve, CCI)
(Bennett and Xie, 1988) or tonic inflammation (i.e. formalin injection)
(Chaplan et al., 1997) likely result from central sensitization which is
thought to be dependent on sustained activation of the NMDA-
receptor complex (Dickenson, 1997). The decreased efficacy of opioids
in neuropathic pain states is also thought to be related to the NMDA-
receptor-mediated cascade of events triggered by nerve/tissue injury
(Ballantine and Mao, 2003, review). The present data showed that
norketamine, at doses which are not antihyperalgesic or antiallodynic
alone, increased the effects of morphine against mechanical hyper-
algesia and tactile allodynia in ratswithperipheral neuropathy (CCI). In
addition, it also enhanced morphine action to block formalin-induced
flinching behaviors in rats with tonic inflammatory pain (2nd phase of
the formalin test). Again, such interactions were more pronounced for
S(+)- than R(−)-norketamine. To the best of our knowledge, no similar
studies have been carried out on optical isomers of ketamine in
combination with opioids in the above rodent models of persistent
painwith a component of central sensitization. Nevertheless, previous
data showed that NMDA-receptor antagonists [i.e. MK-801, (±)-
ketamine, dextromethorphan] improve the effectiveness of opioids
in the CCI and formalin models of pain (Kauppila et al., 1998;
Nishiyama, 2000; Pelissier et al., 2003; Yamamoto and Yaksh, 1992),
as well as recently, that dextromethorphan enhances morphine
antihyperalgesia in a capsaicin model of persistent pain (Lomas et al.,
2008). Limited clinical data also showed the benefits of using ketamine
(sub-anesthetic dose) in the course of opioid therapies in patientswith
chronic pain (cancer-related, non-malignant) (Bell et al., 2003;
Hocking and Cousins, 2003; Lauretti et al., 1999, Lossignol et al.,
2005, Leung et al., 2001), as well as experimentally-induced pain
involving central sensitization (i.e. skin burn) (Lemming et al., 2007;
Schulte et al., 2004).

An important finding with the present study was that the S(+)-
norketamine and morphine combination therapy did not cause motor
dysfunction (rotarod performance) at doses that achieved maximum
effectiveness against thermal nociception, mechanical hyperalgesia
and formalin-induced flinches. This suggests that there may be a
potentially acceptable therapeutic index for the combination therapy.
In addition, no overt toxicity was observedwith the rats shown by lack
of sedation, PCP-like stereotypic behaviors (i.e. head-weaving, turning)
or lethality with this combination drug therapy at the antinociceptive
doses tested. In contrast, a morphine and ketamine combination at
doses that were not effective for either drug alone (loss of righting
reflex), resulted in marked catalepsy in rats (Benthuysen et al., 1989;
Campos et al., 2006). In addition, the S(+)-norketamine and morphine
combination therapyhadno significant effect on locomotor activity; an
effect similar to morphine and dextromethorphan (Manning et al.,
1996). Psychotomimetic activity which can be an important dose-
limiting side effect of NMDA-receptor antagonists (e.g. ketamine) was
not specifically tested in the present study.

In conclusion, the present data provide evidence that combining
morphine (low dose) with S(+)-norketamine (non-effective dose)
significantly enhances morphine effectiveness against acute nocicep-
tion, peripheral neuropathy and tonic inflammatory pain without
causing measurable side effects (rotarod, locomotor activity) in
rodents. These preclinical findings may have potential clinical
application utilizing S(+)-norketamine and morphine combination
therapy for treatment of a broad spectrum of pain. This may be of
importance in view of the lack of viable NMDA-receptor antagonists
(efficacy/side effect profile) that are currently available for clinical use.
However, this will require verification through clinical studies.
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