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s are potential drugs for chronic pain treatment, in particular for neuropathic
pain involving central sensitization processes. Clinical use of available NMDA antagonists, such as
ketamine, is limited for this indication due to its side effects (psychotomimetic, sedative, motor). There is
a need for novel NMDA-receptor antagonist(s) with better analgesia/toxicity profile(s). One such potential
candidate is norketamine, a primary metabolite of ketamine. S(+) and R(−)norketamine were
characterized utilizing rodent models of persistent pain: the chronic constriction nerve injury model
of peripheral neuropathy (CCI) and the formalin-injection model of tonic inflammatory pain (formalin
test). Side effects (motor coordination, stereotypic behaviors, locomotor activity) were also assessed.
(±)Ketamine served as a reference NMDA-receptor antagonist in some studies. Norketamine alleviated,
in a dose-dependent fashion, mechanical and thermal hyperalgesia (CCI), and blocked formalin-
induced flinches (2nd phase). It had less effect on tactile allodynia (CCI). Efficacy was demonstrated
after parenteral and oral administration. The antinociceptive properties resided primarily in the S(+)
enantiomer. Antinociception was not accompanied by significant side effects. The present findings
suggest that norketamine, in particular the S(+) enantiomer, might be a useful NMDA-receptor antagonist
for treatment of chronic pain involving central sensitization.

© 2008 Published by Elsevier Inc.
1. Introduction

Chronic pain (malignant, non-malignant origin) which affects
millions of people worldwide is a significant health problem. In
many patients it is inadequately managed with currently avail-
able drugs (i.e. opioids, NSAIDs, and various adjuvant agents). The
treatment of neuropathic pain, which occurs as a result of damage
to the nervous system due to many diverse causes, is an espe-
cially challenging task (Johnson, 2000, review). Neuropathic pain is
characterized by several abnormal sensations including hyperalge-
sia (an exaggerated response to a noxious stimulus) and allodynia
(a painful response to a normally non-noxious stimulus). These sen-
sations are associated with repetitive firing of pain fibers resulting in
central sensitization likely involving an N-methyl-D-aspartate
(NMDA)-receptor-mediated mechanism (Bennett, 2000; Parson,
2001). Hyperalgesia and allodynia, demonstrated in rodent models
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following injury to nerve (Bennett and Xie, 1988) or peripheral tissue
(Chaplan et al., 1997), have been shown to be alleviated by NMDA-
receptor antagonists (e.g. ketamine, MK-801, memantine, dextro-
methorphan) (Chaplan et al., 1997; Mao et al., 1993; Yamamoto and
Yaksh, 1992). These preclinical findings suggest that drugs acting as
antagonists at the NMDA-receptor complex are likely promising
candidates for use in treatment of neuropathic pain (Parson, 2001;
Sang, 2000; Fisher et al., 2000, reviews).

Ketamine, a non-competitive NMDA-receptor antagonist and an
intravenous anesthetic, is the primary drug that has been studied
in the above regard. At sub-anesthetic doses, ketamine produces
profound analgesia for neuropathic pain syndromes in humans;
however, undesirable side effects, including sedation, psychosis and
motor impairment, limit its practical use for this indication (Backonja
et al., 1994; Eide et al., 1994; White et al., 1980). Of interest is that
ketamine is extensively metabolized to N-desmethylketamine, norke-
tamine (Grant et al., 1981; Yanagihara et al., 2003), which also binds to
the phencyclidine (PCP) site on the NMDA-receptor complex;
however, with lower affinity than ketamine (Ebert et al., 1997). Thus,
it is appealing to assume that norketamine itself may retain the
analgesic activity of ketaminewith perhaps less likelihood for PCP-like
side effects. In the USA ketamine is used clinically as a racemic
mixture; however, each enantiomer also exhibits pharmacological
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Table 1
Behavioral rating scale (Sturgeon et al., 1979, with minor modification)

Rating Description of behavior

Activity level
0 Activity no different from control
−1 Moderate activity (25% stationary; walking with intermittent passes)
−2 Low activity (75% stationary)
−3 No activity (100% of the time stationary)

Stereotypic behaviors
0 Repetitive movement no different from control
1 Head bobbing, sniffing
2 Swinging head side to side, mouth chattering
3 Shaking, twitching, weaving

Ataxia
0 Coordinated movement, no different from control
1 Loss of balance when rearing, jerky movement
2 Cannot move beyond a restricted area, frequent falling with attempted walking
3 Unable to walk
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activity (Schuttler et al., 1997). The potential advantages of using an
enantiomer rather than a racemate may include a better separa-
tion between efficacy and toxicity. This has been demonstrated for
S-ketamine versus (±)-ketamine (hypnosis) in humans and rodents
(Liu et al., 2006; Marietta et al., 1977; Ryder et al., 1978; White
et al., 1980). In this respect, norketamine also exists in S(+) and R(−)
enantiomeric forms (Ebert et al., 1997).

The purpose of this study was to characterize the antinociceptive
properties of S(+)- and R(−)-norketamine in two well-established
rodent models of persistent pain involving central sensitization: the
chronic constriction nerve injury model of neuropathic pain (CCI) and
the formalin model of tonic inflammatory pain (the formalin test).
Side effects, including motor coordination, stereotypic behaviors and
locomotor activity were also assessed. (±)-Ketamine was tested as a
reference NMDA-receptor antagonist in selected experimental para-
digms. This preclinical study will assist in determining the potential of
norketamine as a novel NMDA-receptor antagonist for the treatment
of neuropathic pain.

2. Methods

2.1. Animals

Male Sprague–Dawley rats (~350 g; Harlan, Indianapolis, IN)
were used in this study. Rats were housed in a humidity- and
temperature-controlled facility (lights on 0600–1800 h). Each rat
was housed separately in a transparent cage with a sawdust-
covered floor and with free access to standard laboratory chow and
tap water. All experiments were conducted during the light phase
of the cycle. Experiments were performed by a trained observer
blind to the experimental conditions. All rats were handled and
trained in the test situation before initiation of the procedure.
Body weights were determined on the day of experimentation.
At the end of the experiment, rats were euthanized with pento-
barbital sodium (150 mg/kg). A cross-over paradigm was used
(if possible) to minimize the number of rats. Experiments were
performed according to a protocol approved by the University of
Kentucky Animal Care and Use Committee and were carried out
in compliance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals (Publication No.85-23, revised
1985).

2.2. Drugs

S(+)-Norketamine hydrochloride and R(−)-norketamine hydro-
choride were provided by Yaupon Therapeutics, Inc. (Radnor, PA).
(±)-Ketamine hydrochloride was from Sigma-Aldrich (St. Louis,
MO). Drugs were dissolved in saline and administered by the in-
traperitoneal (IP) or oral (PO) routes (1 ml/kg). Doses refer to salt
forms.

2.3. Chronic constriction nerve injury (CCI)

Unilateral peripheral mononeuropathy was produced on the left
hind limb according to the method described by Bennett and Xie
(1988). Briefly, under pentobarbital anesthesia (40 mg/kg, IP) ligation
to the sciatic nerve and sham surgery were performed in each rat on
the left and right hind paws, respectively. Proximal to the sciatic
trifurcation, the nerve (about 7 mm) was freed from adhering tissue
and four loose ligatures were tied around the nerve (1 mm apart)
using 4.0 chromic catgut, barely constricting the diameter of the
nerve. In sham surgery, the right sciatic nerve was exposed using the
same procedure, but the nervewas not ligated. The incisionwas closed
in layers with silk thread 3.0. Rats showed a mild aversion of the
affected paw and a mild degree of foot drop. No severe motor
impairment was observed.
2.3.1. Mechanical hyperalgesia
The presence of a decreased threshold to mechanical noxious

stimuli (mechanical hyperalgesia) was evaluated by the Randal and
Selitto (1957) method (paw pressure test) in CCI rats. Briefly, the hind
pawwas placed between a flat surface and a blunt pointer in the Basile
Analgesimeter (UGO Basile, Italy) and increasing pressure (32 g/s) was
applied to the dorsal side of the paw. Vocalizationwas used as the end
point (vocalization threshold, VT, g). Experiments were carried out at
days 7, 9, 11 and 14 after surgery. At this time the abnormal pain
behavior was at a stable maximum. The nerve-injured and sham-
operated paws were tested alternatively in each rat. Responses were
assessed prior to (baseline, taken twice) and at 15, 30, 45, 60 and
120 min after injection. Each rat received four doses (1, 2, 4, 8 mg/kg)
of a drug [S(+)-norketamine, R(−)-norketamine or (±)-ketamine] at
48 h intervals by the IP route. The order of doses was balanced by the
double block Latin square design [2×(4×4)]. Additional rats received S
(+)-norketamine (16 mg/kg, IP) or R(−)-norketamine (16 and 32 mg/
kg, IP). Control rats were treated with saline. In addition, S(+)-
norketamine (10, 20, 40, 80 mg/kg; randomized doses) was adminis-
tered orally (1 ml/kg) with the use of a gavage feeding needle after
overnight fasting.

2.3.2. Thermal hyperalgesia
Decreased threshold to thermal noxious stimuli (thermal hyper-

algesia) was determined by the plantar test in CCI rats (Hargreaves
et al., 1988). Radiant heat (60% intensity) was positioned under the
glass floor directly beneath the plantar hind paw in the Plantar
Stimulator Analgesia Meter (IITC, Life Science). Latency to paw
withdrawal (paw withdrawal threshold, PWT, s) from the heat source
was measured. A cut-off at 20 s prevented tissue damage. Each rat
received four doses of S(+)-norketamine (1, 2, 4, 8mg/kg; randomized;
IP) at days 7, 9, 11 and 14 after surgery. Control rats were injected with
saline.

2.3.3. Tactile allodynia
The presence of a painful response to a normally non-noxious

stimulus (tactile allodynia) was determined in CCI rats, as pre-
viously described (Chaplan et al., 1994). Each rat was confined
under a Plexiglas box on a raised platform of wire mesh. Von
Frey filaments (Stoelting, Wooddale, IL) with incremental stiff-
ness (0.4–15 g) were presented to the ventral surface of the in-
jured and sham-operated paw and held there for 6–8 s. A positive
response was noted by sharp paw withdrawal or flinching. If no
response was elicited by the initially selected filament, a stronger
stimulus was presented. S(+)-Norketamine (2, 8, 16, 32 mg/kg;
randomized doses) was administered by the IP route on days 7, 11,



Table 2
The development of mechanical hyperalgesia, thermal hyperalgesia, and tactile allodynia after chronic constriction nerve injury (CCI)

CCI Model Response Time after surgery (day)

Baseline 7 9 11 14

Mechanical hyperalgesia VT (g) 209.1±5.69 113.5⁎±17.65 86.7⁎±11.23 82.8⁎±5.33 92.1⁎±6.44
Thermal hyperalgesia PWT(s) 6.5±0.57 4.1⁎±0.32 4.0⁎±0.24 3.7⁎±0.25 3.9⁎±0.26

CCI Model Response Paw Time after surgery (day)

7 11 14 17

Tactile allodynia VFT (g) CCI 1.24⁎⁎±0.09 1.14⁎⁎±0.16 0.98⁎⁎±0.08 0.86⁎⁎±0.03
Sham 7.59±0.36 7.73±0.38 7.38±0.64 7.54±0.072

Decrease in vocalization threshold (VT, g), paw withdrawal threshold (PWT, s), and von Frey threshold (VFT, g) in response to mechanical and thermal noxious stimuli and non-
noxious mechanical stimulus, respectively (control rats). Data are mean±SEM (n=4–8 rats). ⁎Significantly different than pre-CCI baseline (Pb0.05; post-hoc SNK); ⁎⁎significantly
different than sham paw (Pb0.001; t-test).
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14 and 17 of recovery from surgery. The von Frey thresholds
(VFT, g) were assessed in CCI and sham-operated paws prior to
and 5, 15, 30, 45, 60 and 120 min after injection. Saline served as
control.
Fig. 1. Time course of responsiveness to mechanical noxious stimuli (vocalization threshold,
administration (IP): [Panel A] S(+)-norketamine (S-NKET), [Panel B] R(−)-norketamine (R-NK
KET (IP). Percent maximum possible effect (at peak time), %MPE=(VT−postCCI baseline/pre
2.4. Formalin-induced flinches (the formalin test)

The formalin test was performed in intact rats as previously
described (Wheeler-Aceto and Cowan, 1991). A 50 µl volume of
VT, g) in nerve-injured paw (chronic constriction nerve injury, CCI) after intraperitoneal
ET), [Panel C] (±)-ketamine (KET). [Panel D] Dose–response curves: S-NKET, R-NKET, and
CCI baseline−postCCI baseline)⁎100; preCCI baseline≈200 g. Mean±SEM (n=8 rats).



Fig. 2. [Panel A] Time course of responsiveness to mechanical noxious stimuli (vocalization threshold, VT, g) in nerve-injured paw (chronic constriction nerve injury, CCI) after oral
administration (PO): S(+)-norketamine (S-NKET). [Panel B] Dose–response curve S-NKET (PO). Percent maximum possible effect (at peak time), %MPE=(VT−postCCI baseline/preCCI
baseline−postCCI baseline)⁎100; preCCI baseline≈225 g. Mean±SEM (n=8 rats).
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formalin (5%) was injected subcutaneously (SC) into the dorsal
surface of the left hind paw. S(+)- and R(–)-norketamine (0.5, 1, 5,
10 mg/kg), as well as (±)-ketamine (0.25, 0.5, 1 and 5 mg/kg) were
administered by the IP route 15 min before SC formalin injection.
Fig. 3. [Panel A] Dose-related antihyperalgesic effect of S(+)-norketamine (S-NKET) after
withdrawal threshold, PWT, s) was assessed in a nerve-injured paw (chronic constriction ner
cut off−baseline)⁎100; cut off =20 s. Mean±SEM (n=8 rats). [Panel B] Dose-related antiallo
Frey pawwithdrawal threshold, VFT, g) was assessed in a CCI paw. %MPE=(VFT−baseline /cut
experiments. ⁎Significantly different from saline (Pb0.05; post-hoc SNK).
Control rats were treated with saline. The incidences of sponta-
neous flinches, defined as quick shakes of the injected paw, were
counted continuously in 5 min intervals for 60 min after drug
administration. In addition, S(+)-norketamine (2.5, 10, 20, 40, 80,
intraperitoneal administration (IP). Responsiveness to thermal noxious stimuli (paw
ve injury, CCI). Percent maximum possible effect (at peak time), %MPE=(PWT−baseline/
dynic effect: S-NKET (IP). Responsiveness to non-noxious mechanical stimuli (50% von
off−baseline)*100; cut off =15 g. Mean±SEM (n=4 rats). Saline served as control in both
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160 mg/kg) and R(–)-norketamine (80, 160, 320 mg/kg) were ad-
ministered by the PO route and evaluated as described above. Each
rat was used in only one trial.

2.5. Motor coordination (rotarod test)

The motor function was determined using a Rat Rotarod
(Ugo Basile, Comeno, Italy) apparatus in intact rats. Each rat was
trained to run on the rotarod at a constant speed (10 rev/min) until
it could remain there for 180 s without falling (for two consecutive
days). Thereafter, the rats received one of the following IP treat-
ments: S(+)-norketamine (8, 16, 24, 32 mg/kg), R(–)-norketamine
(24, 32, 48, 56, 64 mg/kg) and (±)-ketamine (4, 8, 16, 24 mg/kg). In
addition, S(+)-norketamine was administered by the PO route (80,
160, 240, 320 mg/kg). Rats were placed in the rotarod prior to
(baseline, taken twice 15 min apart) and at 5, 15, 30, 60 and
120 min after drug administration. The length of time the rat was
able to remain on the drum was recorded up to 180 s (cut off).
Saline served as control.
Fig. 4. Time course of formalin-induced flinching behavior (number of flinches; the 1st a
(S-NKET), [Panel B] R(−)-norketamine (R-NKET), [Panel C] (±)-ketamine (KET). Saline ser
KET (IP). Percent maximum possible effect, %MPE=(AUCsaline−AUCdrug/AUCsaline]⁎100; th
drug and vehicle (saline), respectively. Mean±SEM (n=4–8 rats).
2.6. Behavioral rating scale

Ataxia, stereotypic behaviors and activity level were determined
prior to (baseline) and at 5, 10 and 15 min after IP administration of S
(+)-norketamine (16 mg/kg), R(–)-norketamine (32 mg/kg) and (±)-
ketamine (8 mg/kg) in intact rats. These doses were found to be
approximately equipotent in reversing mechanical hyperalgesia (CCI).
The behavioral rating scale developed for quantification of PCP-
induced effects was used for quantification (Sturgeon et al., 1979, with
minor modification) (Table 1).

2.7. Locomotor activity

Locomotor activity was determined using the Opto-Varimex
infrared photocell-based activity monitor (Columbus Instrument).
Horizontal (ambulation) and vertical (rearing) activities were re-
corded during 5 min sessions prior to (baseline) and at 15, 60
and 120 min following administration of S(+)-norketamine, R(–)-
norketamine and (±)-ketamine (1, 2, 4, 8, 16 mg/kg; IP; randomized
nd 2nd phases) after intraperitoneal administration (IP): [Panel A] S(+)-norketamine
ved as control [see Panel A]. [Panel D] Dose–response curves: S-NKET, R-NKET, and
e AUCdrug and AUCsaline are areas under the curve (20–60 min; the formalin test) for
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doses, 48 h intervals). Saline served as control. In addition, loco-
motor activity was assessed at 5, 10 and 15 min after IP administration
of S(+)-norketamine (16 mg/kg), R(−)-norketamine (32 mg/kg) and
(±)-ketamine (8 mg/kg), at doses that produce approximately
maximum effects in a CCI model.

2.8. Data presentation and statistics

Data were normalized for baseline values. Areas under the curve
(AUC0− t) were calculated for the normalized data by the trapezoidal
rule. Percent maximum possible effects (%MPE) were calculated as
described in the figure legends. Dose–response curves were generated
(%MPE as a function of log dose). The effective doses for a 50%
maximum possible effect (ED50) and 95% confidence limits (95% CL)
were calculated using themethod of Tallarida andMurray (1987). Data
are the mean±SEM for (n) rats. Statistical analyses were performed
using regression, analysis of variance (ANOVA), post-hoc Student
Newman Keuls (SNK) and t-test. The level of significance was chosen
at P≤0.05.
Fig. 5. Time course of formalin-induced flinching behavior (number of flinches; the 1st p
norketamine (S-NKET) and [Panel B] R(−)-norketamine (R-NKET). Saline served as control
formalin test): S-NKET (PO) and R-NKET (PO). Percent maximum possible effect, %MPE=(AU
(the 2nd phase, 20–60 min) for drug and vehicle (saline), respectively. Mean±SEM (n=4–6
3. Results

3.1. Development of mechanical hyperalgesia, thermal hyperalgesia and
tactile allodynia (a model of chronic constriction nerve injury, CCI)

Chronic constriction injury of the sciatic nerve (CCI) resulted in
development of mechanical and thermal hyperalgesia (enhanced
sensitivity to mechanical and thermal noxious stimuli) (Table 2). This
was evident by a decrease in vocalization threshold (VT, g; paw
pressure test) and paw withdrawal threshold (PWT, s; plantar test)
compared to pre-surgical values (F4,32=23.2 and F4,37=10.5 for VT and
PWT, respectively; Pb0.001). Responsiveness was stable at days 7, 9,
11 and 14 after surgery. Sham operation did not affect the VT and the
PWT. Injury to the sciatic nerve (CCI) also resulted in tactile allodynia.
This was evident by decreased von Frey threshold (VFT, g) to a
normally non-noxious mechanical stimulus in the nerve-injured paw
(CCI) compared to sham-operated paw on days 7, 11, 14 and 17 after
surgery. No changes in pain thresholds were observed after admin-
istration of saline (control).
hase and 2nd phase, the formalin test) after oral administration (PO): [Panel A] S(+)-
[Panel A]. Mean±SEM (n=4–6 rats). [Panel C] Dose–response curves (the 2nd phase,
Csaline−AUCdrug/AUCsaline)⁎100; the AUCdrug and AUCsaline refer to areas under the curve
rats).
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3.2. Effect of norketamine on mechanical hyperalgesia

Responses to S(+)- and R(−)-norketamine were examined by paw
pressure test in CCI rats. Both S(+)- and R(−)-norketamine (IP) reversed,
in a dose-related manner, the mechanical hyperalgesia in the nerve-
injured paw (Fig. 1A and B). This was evident as responses in the
presence of norketamine were similar to those observed prior to nerve
injury (VT≈200 g). The antihyperalgesic effect lasted less than 2 h, and
wasmore pronounced for S(+)-norketamine than for R(−)-norketamine.
The %MPE was related to dose (F4,39=10.4, Pb0.0001; F5,47=24.5,
Pb0.0001) but not to time of testing (days 7–14 after surgery). The
ED50 (95%CL) valueswere 5.4 (3.9–7.4) and12.1 (10.0–14.4)mg/kg, IP for
S(+)- and R(−)-norketamine, respectively (Fig. 1D). Neither drug had an
effect on the sham-operated paw (Fig. 1A and B). (±)-Ketaminewas also
tested in this paradigm. The time course of (±)-ketamine was of longer
duration (N2 h) (Fig. 1C). This may perhaps be explained by metabolic
conversion of ketamine to norketamine. The ED50 (95% CL) value for (±)-
ketamine was 2.2 (0.9–5.1) mg/kg, IP. In addition, oral efficacy of S(+)-
norketaminewas demonstrated in a CCImodel (Fig. 2A andB). The effect
was dose-related (F3,31=32.8; Pb0.0001) with an ED50 (95% CL) value of
21.2 (17.2–25.9) mg/kg, PO. Interestingly, the onset of antihyperalgesia
appeared similar after the IP and the PO routes of administration
(tmax≈30–60 min).

3.3. Effect of norketamine on thermal hyperalgesia

S(+)-Norketamine (IP) attenuated in a dose-related manner the
thermal hyperalgesia in nerve-injured paw (F4,36=3.5; Pb0.025)
(Fig. 3A). The ED50 (95% CL) value was 6.2 (3.2–11.8) mg/kg, IP. No
effect was observed on the sham-operated paw after administration of
the highest dose (8 mg/kg) tested (data not shown).

3.4. Effect of norketamine on tactile allodynia

Significant attenuation of tactile allodynia was seen only with
the highest dose of S(+)-norketamine tested (32 mg/kg, IP) (Fig. 3B).
No effect was observed on the sham-operated paw (data not shown).

3.5. Effect of norketamine on formalin-induced flinches

Formalin injection into the paw caused a biphasic reaction (the
1st phase, 0–10 min; the 2nd phase, 20–60 min) consisting of flinch-
Fig. 6.Dose–response curves formotor effects (rotarod performance test) [Panel A] after intra
and (±)-ketamine (KET) and [Panel B] after oral administration (PO): S-NKET. Latency to fall (a
(cut off =180 s). Mean±SEM (n=6–8 rats).
ing behavior in control rats (saline) (Fig. 4A). Both S(+)- and R(−)-
norketamine (IP) attenuated flinching during the second phase,
which is thought to involve central sensitization (Fig. 4A and B). S(+)-
Norketamine produced a dose-related effect (F4,29=8; Pb0.0005)
with the ED50 (95% CL) value of 1.2 (0.7–2.1) mg/kg, IP. The ED50

for R(−)-norketamine was not determinable due to limited efficacy
(%MPE≈50% at 5–10 mg/kg, IP) (Fig. 4D). Neither enantiomer pro-
duced a dose-related effect in the first phase of the formalin test,
which is thought to represent nociception (data not shown). (±)-
Ketamine also decreased flinching in the 2nd phase of the for-
malin test; ED50=0.6 (0.4–0.9) mg/kg, IP (Fig. 4C and D). The ability
of S(+)- and R(−)-norketamine to block formalin-induced flinching
(the 2nd phase) was also demonstrated after the oral route of admi-
nistration (Fig. 5A and B). The effects were dose-related (F5,35=9.7;
Pb0.0001 and F2,17=6.9; Pb0.01) with ED50 (95% CL) values of 35.1
(23.5–52.5) and 230.5 (132.6–414.5) mg/kg, PO for S(+)- and R(−)-
norketamine, respectively (Fig. 5C).

3.6. Effect of norketamine on motor coordination

Both S(+)- and R(−)-norketamine (IP) produced a transient
(b30 min) impairment of rotarod performance in intact rats. In
contrast, (±)-ketamine-produced motor incoordination that lasted
longer than the time of testing (N2 h). Motor incoordination was
dose-related (F3,23=6.3, Pb0.005; F3,23=6.3, Pb0.0025; F3,27=25.8, Pb
0.0001) for drugs tested (Fig. 6A). The ED50 (95% CL) values were 16.2
(10.3–25.6), 57.0 (48.6–66.8) and 5.9 (4.1–8.4) mg/kg, IP for S(+)-
norketamine, R(−)-norketamine and (±)-ketamine, respectively. Oral S
(+)-norketamine also caused a dose-related motor effect (F3,23=13.4,
Pb0.0001) with an ED50 (95% CL) value of 206.8 (151.1–275.8) mg/kg,
PO (Fig. 6B). Saline had no effect in the rotarod test.

3.7. Behavioral effects of norketamine

The behavioral rating scale (Table 1) was used for quantitation
of ataxia, stereotypic behaviors and activity levels. Both S(+)- and
R(−)-norketamine (IP) produced significantly less ataxia and ste-
reotypic behaviors compared to (±)-ketamine at doses maximally
effective against mechanical hyperalgesia (16, 32 and 8 mg/kg,
respectively) (Fig. 7A and B). Activity levels were similar for all
drugs tested (Fig. 7C). Of note, (±)-ketamine was observed to evoke
an early (within 5min) PCP-like behavior (i.e. headweaving, turning).
peritoneal administration (IP): S(+)-norketamine (S-NKET), R(−)-norketamine (R-NKET),
t 5 min after drug administration) was expressed as a percentage of vehicle control value
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This was not observed with S(+)- and R(−)-norketamine at any dose
tested.

3.8. Effect of norketamine on locomotor activity

S(+)- and R(−)-norketamine, as well as (±)-ketamine affected
locomotor activity in intact rats. The effect (%MPE) was dose-related
at 15 min (F5,46=4.8, Pb0.0025; F5,45=4.6, Pb0.025; F5,46=6.8, Pb
0.0001 for S(+)-norketamine, R(−)-norketamine and (±) -ketamine,
respectively) (Fig. 8A) but not at 60 or 120 min after IP administra-
tion. In addition, S(+)- and R(−)-norketamine had similar effects on
locomotor activity as (±)-ketamine (5, 10, and 15 min) at approxi-
Fig. 7. Ataxia [Panel A], stereotypic behavior [Panel B], and activity level [Panel C]
following intraperitoneal administration (IP): S-norketamine (S-NKET, 16 mg/kg),
R-norketamine (R-NKET, 32 mg/kg), (±)-ketamine (KET, 8 mg/kg), at approximately
maximum antihyperalgesic doses, see Fig. 1. Data are presented as total scores
(Behavioral Rating Scale; see Table 1). Saline served as control. Mean±SEM (n=4–8
rats).⁎Significantly different from saline; + significantly different from KET (Pb0.05;
post-hoc SNK).

Fig. 8. [Panel A] Dose–response curves locomotor activity (LOC, at 15 min) after
intarperitoneal (IP) administration: S(+)-norketamine (S-NKET), R(−)-norketamine
(R-NKET), and (±)-ketamine (KET). Saline served as control. Percent maximumpossible
effect, %MPE=(baseline−LOC/baseline)⁎100. Mean±SEM (n=8 rats). [Panel B] LOC
(normalized for baseline) at 5, 10, and 15 min after administration (IP) of S-NKET
(16 mg/kg), R-NKET (32 mg/kg), and KET (8 mg/kg) at approximately maximum
anihyperalgesic doses (see Fig. 1). Mean± SEM (n=6–8 rats). ⁎Significantly different
from saline (Pb0.05; post-hoc SNK).
mately equipotent antihyperalgesic doses (16, 32 and 8 mg/kg, IP)
(Fig. 8B).

4. Discussion

The S(+) and R(−) enantiomers of norketamine were studied in rats
in an effort to identify a novel NMDA-receptor antagonist drug.
Norketamine, a major metabolite of ketamine, binds to a non-
competitive site at the NMDA-receptor complex (Ebert et al., 1997).
The results of this study indicate several important findings. First,
norketamine efficacy was demonstrated in two well-established
rodent models of persistent pain with a component of central sensi-
tization (sensitive to NMDA-receptor antagonists): i.e. the chronic
constriction nerve injury rodent model of peripheral neuropathy (CCI)
and the formalinmodel of tonic inflammatory pain (the formalin test).
Second, the antinociceptive properties were found to be more
prominent in the S(+) enantiomer. Third, the antinociceptive effect
of norketamine could be separated from significant side effects. Thus,
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norketamine is likely acting as an antagonist at the NMDA-receptor
complex in blocking NMDA-mediated central sensitization occurring
as a result of nerve or peripheral tissue injury in rats. The preclinical
data suggest that norketamine, in particular the S(+) enantiomer, may
be an effective agent for the treatment of chronic pain where central
sensitization is involved.

It has been speculated that the analgesic activity of ketamine was
due, at least in part, to the presence of its major metabolite,
norketamine (Bushnell and Craig, 1995; Grant et al., 1981). Never-
theless, direct evidence for the antinociceptive activity of norketamine
was limited to one study showing that (±)-norketamine attenuated
formalin-induced nociceptive behavior after neuroaxial (intrathecal)
administration in a ratmodel of persistent inflammatory pain (the 2nd
phase of the formalin test) (Shimoyama et al., 1999). Utilizing the
formalin test we have demonstrated norketamine efficacy following
both intraperitoneal and oral routes of administration in rats. Formalin
injection resulted in typical biphasic nociceptive behaviors in control
(saline) rats. Both S(+)- and R(−)-norketamine attenuated, in a dose-
related fashion, formalin-induced flinches in the late phase (which is
thought to represent central sensitization) but not in the early phase
(which is thought to reflect nociceptive pain) in the formalin test. This
pattern of action is a common feature of NMDA-receptor antagonists,
including MK-801, ketamine, memantine and dextromethorphan
(Berrino et al., 2003; Chaplan et al., 1997, Coderre and Melzack,
1992; Medvediev et al., 2004; Vaccarino et al., 1993).

To the best of our knowledge, no prior study has examined the
ability of norketamine to alleviate pain occurring as the result of nerve
injury. Herein, using a rat model of peripheral neuropathy (chronic
constriction nerve injury, CCI) we have demonstrated that S(+)- and R
(−)-norketamine attenuated, in a dose-related fashion, an enhanced
sensitivity to noxious stimuli (mechanical and thermal hyperalgesia)
in the nerve-injured paw but not in the sham-operated paw. The
present finding on the antihyperalgesic property of norketamine is
consistent with previous data on other NMDA-receptor antagonists
(Davar et al., 1991, Mao et al., 1993, Yamamoto and Yaksh 1992;
Eisenberg et al., 1995; Qian et al., 1996). Furthermore, the present data
showed that S(+)-norketamine had an effect on tactile allodynia in the
CCI paw at the highest dose tested. Similar to the NMDA-receptor
antagonists, dextrophan and ketamine (Christoph et al., 2006; Kim
et al., 1997; Tal and Bennett, 1994), the antiallodynic action of norke-
tamine is less robust than the antihyperalgesic effect. An important
finding in the present study was that norketamine-mediated anti-
nociception was not confounded by significant impairment of motor
function (rotarod test). Doses at which this undesirable side effect was
noted were beyond the range of doses that were required to either
reverse nerve-injury-induced hyperalgesia (CCI) or block propagation
of formalin-induced flinching behavior (the 2nd phase in the formalin
test).

The present study has shown that the antinociceptive properties
of norketamine reside primarily in the S(+) enantiomer. The potency of
R(−)-norketamine was approximately half that of S(+)-norketamine
(CCI, formalin). The S(+) enantiomer also demonstrated greater motor
effect (rotarod) than the R(−) enantiomer. In addition, S(+)- and R(−)-
norketamine were qualitatively similar with regard to stereotypic
behaviors, ataxia and locomotor activity (the behavioral rating scale)
when used at approximately maximum antihyperalgesic doses in rats.
In an early study, it was shown that the duration of the loss of righting
reflex was greater with (+)- than (−)-norketamine in mice (Hong and
Davisson, 1982). Overall, these in vivo data in rodents appear to be in
agreement with previous binding and in vitro electrophysiological
studies showing that S(+)-norketamine has higher affinity for non-
competitive sites at the NMDA-receptor complex than R(+)-norketa-
mine (Ebert et al., 1997).

Although a number of studies have demonstrated that norketa-
mine is present in high concentration in plasma and brain following
ketamine administration (Cohen et al., 1973; Cohen and Trevor, 1974;
Grant et al., 1981; Malinovsky et al., 1996) data directly comparing the
effects of these two drugs are scarce (Leung and Baillie, 1986;
Shimoyama et al., 1999). Herein, (±)-ketamine was tested as a re-
ference NMDA-receptor antagonist in some experimental paradigms.
The present data do not allow a thorough comparison between
norketamine and ketamine; however, it is plausible to conclude from
this study the following points. First, each norketamine enantiomer
had lower potency than (±)-ketamine in attenuation of nociception
due to injury to nerve (CCI) or peripheral tissue (formalin injection).
This can likely be explained by differences in the affinities of norke-
tamine and ketamine for the NMDA-receptor complex (Ebert et al.,
1997). It is noteworthy that ketamine, in addition to its action at
NMDA-receptors, interacts with other systems involved in pain
modulation, including opioid, monoaminergic and cholinergic sys-
tems (Hustveit et al., 1995). Little is known about norketamine in this
regard. Furthermore, one cannot rule out the possibility that phar-
macokinetics (i.e. brain accumulation) and/or metabolism may also
play a role (Edwards and Mather 2001; Kharasch and Labroo, 1992;
Leung and Baillie, 1988; Theurillat et al., 2005; Yanagihara et al.,
2003). Second, the stereoselectivity of norketamine [the S(+)N the
R(−)] closely resembled that of ketamine in rodents (Marietta et al.,
1977; Ryder et al., 1978). Clinical superiority of S- versus (±)-ketamine
(anesthesia) also has been suggested (Arendt-Nielsen et al., 1996;
Engelhardt, 1997; Vranken et al., 2005; Vollenweider et al., 1997;
White et al., 1980, 1985). In this regard, the S-enantiomers of nor-
ketamine and ketamine have higher affinities for non-competitive sites
at the NMDA-receptor complex than their R-enantiomeric counterparts
(Ebert et al., 1997). Third, the time courses of both antihyperalgesia
(CCI rats) and motor dysfunction (intact rats) were of shorter duration
for norketamine than ketamine. This finding is consistent with previous
speculation that the activity of ketamine is attributed, at least in part, to
the presence of the active metabolite, norketamine (Cohen et al., 1973;
Cohen and Trevor,1974; Leung andBaillie,1986;Malinovskyet al.,1996).
Low oral bioavailability of ketamine was also thought to be due to the
first-pass effect, and to the formation of norketamine (Grant et al.,1981;
Clements et al.,1982). Oral efficacy of norketaminewas demonstrated in
the present study. Fourth, both S(+)- and R(−)-norketamine produced
significantly less stereotypic behavior and ataxia compared to (±)-
ketamine at maximum IP antihyperalgesic doses. A previous study also
demonstrated that (±)-ketamine, at an oral dose thatwas effective in the
formalin test, caused a significant ataxia and loss of the righting reflex in
rats (Shimoyamaet al.,1999). Thiswasnotobservedwithoral S(+)- andR
(−)-norketamine in the present study. These findings on norketamine
may be of importance in the context that ketamine, due to its marked
side effects (hallucinations, sedation, vivid dreams and motor dysfunc-
tion) is not widely used for the treatment of chronic pain. Norketamine
may likely represent a better choice than ketamine for this indication.

In conclusion, the present study has provided evidence that
norketamine (IP, PO) is effective in preventing central sensitization
(the 2nd phase in the formalin test) and is also effective in reversing an
established hyperalgesia (a CCI model of neuropathy) in rats. This
preclinical study suggests the feasibility that norketamine, specifically
the S(+) enantiomer, may have potential as a novel, orally effective,
NMDA-receptor antagonist agent for treatment of chronic neuropathic
pain (e.g. diabetic peripheral neuropathy, AID's-related neuropathy).
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