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Aims The aim of this study was to assess the efficacy of dextromethorphan and

ketamine relative to placebo on the acute nociceptive threshold and wind-up of

second pain response in healthy male volunteers.

Methods The trial was a randomized, double-blind, placebo-controlled, three period

crossover, double dummy design in 12 healthy male volunteers. During each of the

three periods (which were separated by a 1 week washout period) each volunteer

received either a single oral dose of 0.7 mg kgx1 dextromethorphan and placebo to

ketamine, or placebo to dextromethorphan followed by a single intravenous injection

of 0.375 mg kgx1 ketamine, or placebo to both dextromethorphan and ketamine.

The trial did not schedule administration of both ketamine and dextromethorphan

together. Acute nociceptive thresholds and wind-up of second pain were measured

in the skin of the thenar eminence of the ventral surfaces of the right and left hands,

using a SOMEDICTM thermotest apparatus, before and at the estimated tmax for

dextromethorphan (i.e. 2.15 h). Blood pressure and heart rate were also monitored

before dosing and after the dosing regimen.

Results Neither dextromethorphan nor ketamine had any significant effect on acute

nociceptive thresholds on either hand (P>0.05). Moreover, dextromethorphan was

without any significant effect (P>0.05) on the wind-up of the second pain response

on either hand. The lsmean number of stimuli tolerated vs placebo (95% confidence

intervals of the difference in number of stimuli in parentheses) were 15.84 vs 16.48

(x5.52, 4.24) and 11.75 vs 15.25 (x11.89, 4.90) for left- and right-hand, respectively,

following dextromethorphan administration. In contrast ketamine produced sig-

nificant reductions in wind-up to second pain in both the left and right hands

(P=0.0002 and 0.0386, respectively). The lsmean numbers of stimuli tolerated vs

placebo (95% confidence intervals of the difference in number of stimuli in

parentheses) were 28.41 vs 16.48 (6.60, 17.25) and 25.00 vs 15.25 (0.58, 18.93) for

left- and right-hand, respectively.

Conclusions Wind-up of second pain induced by noxious heat is sensitive to

intervention by ketamine, which is known to block the NMDA receptor. These data

infer that the wind-up phenomenon evoked by noxious heat involves the activation

of NMDA receptors. This volunteer model of pain may have utility in the evaluation

of agents that modulate their antinociceptive actions via NMDA mechanisms.

Keywords: antinociception, dextromethorphan, ketamine, NMDA-receptors,

noxious heat

Introduction

A single noxious heat stimulus can evoke two successive

distinct pain sensations known as ‘first’ and ‘second’ pain.

The first, often described as ‘sharp’ or ‘pricking’ is well

localized, occurs within about 0.4 s of the heat stimulus
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and is short in duration. It is followed approximately 1 s

later by a second pain which is less well localized, of longer

duration, being described as ‘burning’ ‘throbbing’ or

‘swelling’ [1].

Repeated noxious heat stimulations reduce the intensity

of the first pain response whenever the interstimulus

interval is 80 s or less and when the same area of skin is

stimulated. Second pain perceptions, however, increase or

‘wind-up’ in intensity whenever the interstimulus interval

is 3 s or less [2]. This ‘wind-up’ phenomenon is thought

to involve sensitization of neurones in the dorsal horn

of the spinal cord [3, 4], which may contribute to some

of the chronic pain states such as neuropathic pain [5].

Further, evidence suggests that N-methyl-D-aspartate

(NMDA)-mediated spinal reflexes are intimately involved

as the pharmacological basis for this ‘wind-up’ process

as demonstrated in animal models [5, 6] and human

subjects [7–9]. These findings have led to the proposal

that NMDA-receptor antagonists may act as antinocicep-

tive agents [10] and, in support of this hypothesis, it has

been shown preclinically that extracellular recordings

taken from neurones within the dorsal horn show a

cessation in wind-up activity following administration of

NMDA antagonists [11, 12].

Ketamine and dextromethorphan (and dextrorphan,

the active metabolite of dextromethorphan) are agents

purported to possess NMDA-receptor antagonist pro-

perties [13] and have been shown to reduce thermal

hyperalgesia in animal models of neuopathic pain [14, 15].

This trial was designed to further investigate the role

of these putative NMDA-modulators (using ketamine

and dextromethorphan) in the ‘wind-up’ phenomenon in

man and to assess the utility of this volunteer pain model

for the identification of potential therapeutic agents for

those pain conditions thought to involve ‘wind-up’ as a

mechanism.

Methods

Twelve, healthy, male volunteers (age range 21–50 years)

were recruited from the Zeneca Pharmaceuticals healthy

volunteer panel to take part in this trial. Health was

confirmed on the basis of a normal medical examination

and history, including clinical chemistry, haematology

and urinalysis, respiratory function tests (FEV1 and FVC),

12-lead ECG and 24 h ambulatory cardiac monitoring.

A negative test for hepatitis B surface antigen was also

a prerequisite for this study. As part of the inclusion

criteria, all volunteers were required to attend three

separate screening sessions to familiarize themselves with

the heat-pain apparatus.

All volunteers gave fully informed written consent

prior to participation in the study, which was approved by

the independent Zeneca Pharmaceuticals Research Ethics

Committee. This trial conformed to the International

Association for the Study of Pain ethical guidelines for

research involving human subjects [16].

Study design

The study was double-blind, placebo-controlled, random-

ized three-period crossover design. During each of the

three periods, which were separated by 1 week’s washout,

each volunteer received the following treatments:

single oral dose of 0.7 mg kgx1 dextromethorphan

followed 1 h 40 min later by a single intravenous

injection of 0.375 mg kgx1 ketamine;

single oral dose of placebo to dextromethorphan

followed 1 h 40 min later by a single intravenous

injection of 0.375 mg kgx1 ketamine;

single oral dose of placebo to dextromethorphan

followed 1 h 40 min later by a single intravenous

injection of placebo to ketamine

The trial did not assess the effect of combining

dextromethorphan and ketamine together.

Heat pain thresholds and wind-up of second pain

were measured in the skin of the thenar eminence of

the ventral surfaces of the right and left hands, using a

SOMEDICTM thermotest apparatus, before and at the

estimated tmax for dextromethorphan (i.e. 2 h 15 min) as

illustrated in Figure 1. Blood pressure and heart rate were

also monitored before dosing and after the dosing regimen.

Volunteers underwent a medical examination within

14 days of completion of the trial.

Heat-pain stimulation

The SOMEDICTM Thermotest apparatus (Somedic AS,

Stockholm, Sweden) was used to deliver quantifiable and

reproducible heat impulses via a thermode to the thenar

eminence of the ventral surface of the hand. The thermode

temperature could be varied between 10 and 52u C and

cools or warms depending on the direction of current

applied.

Determination of the acute nociceptive threshold

The acute nociception threshold was determined by

placing the thermode (set at 40u C) on the skin of the

thenar eminence of the ventral surface of the volunteer’s

left hand. The temperature of the thermode was then

increased at a rate of 0.5u C sx1 until the volunteer

felt that the quality of the perceived sensation altered

from warm to painful (typically between 45u C and 50u C
[17]. At this point, the rise in temperature was terminated

by the volunteers pressing the hand-held button. The

temperature attained was recorded by the SOMEDICTM
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Thermotest apparatus and the thermode temperature

returned to 40u C. This procedure was repeated on

three further occasions, the acute nociception threshold

being the mean of the last two responses calculated by

the SOMEDICTM Thermotest apparatus. The entire

process was then repeated using the volunteer’s right hand.

The procedure to determine acute nociceptive

threshold was then repeated for both hands but

with the thermode set at 3u C below the acute nociceptive

thresholds initially determined for both hands. The acute

nociceptive thresholds determined on this second occasion

were recorded as the definitive values of this parameter.

This procedure to determine acute nociceptive thresh-

old was performed in three separate screening sessions

(each 1 week apart) prior to entry into the drug phase of

the trial (only those volunteers that demonstrated acute

nociceptive thresholds of j48.5u C, were progressed

further). During the trial, on each trial day, the procedure

was performed prior to administration of drug treatment

and at 2 h 15 min after dextromethorphan or placebo to

dextromethorphan.

Determination of wind-up of second pain

Repeated noxious heat stimulations (from 3u C below

to 3u C above the acute nociceptive threshold for that

site for 0.5 s at 0.33 Hz), up to a maximum of 50,

were administered to each hand, in turn. On each occa-

sion, volunteers were asked to lift the thermode away

from their skin when the augmentation of successive

noxious heat pulses had resulted in their pain tolerance

threshold. In no event was the number of stimuli allowed

to exceed 50. The number of heat-stimuli tolerated by

each hand was recorded.

This procedure to determine wind-up of second

pain was performed in three separate screening sessions

(each 1 week apart) prior to entry into the drug phase of

the trial (only those volunteers who experienced wind-up

of second pain were progressed further). During the

trial, on each trial day, the procedure was performed

prior to administration of drug treatment and at 2 h

15 min after dosing with dextromethorphan or placebo

to dextromethorphan.

Pharmacokinetic assessments

Venous blood (20 ml) was collected before dosing and

at 2 h 15 min after dosing with dextromethorphan or

placebo to dextromethorphan. Plasma samples were then

analysed by high performance liquid chromatography

for concentrations of ketamine, dextromethorphan and

dextorphan. The limit of quantification for these assays

was 1 ng mlx1.

Safety assessments

On each trial day a pulse-oximeter was used to con-

tinuously display the oxygen saturation of the volunteers

over a 35 min period from the start of infusion of

ketamine or placebo to ketamine. Supine blood pressure

and pulse rate was measured on each trial day after the

volunteer had been lying for 10 min, before dosing, at

minute intervals for the 5 min of ketamine or placebo

to ketamine infusion thereafter at 4 and 6 h postdosing.

12-lead ECGs were also obtained on each trial day after

10 min supine.

Drug supply

Ketamine was supplied as KetalarTM 50 mg mlx1 in

10 ml vials from Parke-Davis Research Laoratories,

UK. Placebo to ketamine was 0.9% (w/v) saline (50 ml)

from Baxter Healthcare Ltd, UK. Dextromethorphan

was supplied as RobbitussinTM Dry Cough Mixture

Assessments

Drugs

Acute nociception threshold
and wind-up to 2nd pain

Dextromethophan
or placebo to
dextromethophan
(p.o.)

Acute nociception threshold
and wind-up to 2nd pain

Ketamine or
placebo to ketamine
(i.v.)

1h 40min 2h 15min0h

Figure 1 Schema representing the timing of administration of dextromethorphan (or placebo to dextromethorphan) and ketamine

(or placebo to ketamine) with respect to the heat pain and wind-up of second pain assessments.
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7.5 mg/5 ml (100 ml) from Whitehall Laboratories Ltd,

UK and placebo to dextromethorphan was supplied as

Paediatric Simple Linctus (100 ml) from Thornton and

Ross Ltd, UK.

Data analysis

The effects of dextromethorphan and ketamine relative

to placebo on the acute nociceptive threshold and

wind-up of second pain were assessed by using an

analysis of variance (ANOVA) model, with factors fitted

for the effects of volunteers, periods and treatments. The

results of the ANOVA were presented in terms of least

squares means (lsmeans) and treatment effect (lsmean of

dextromethorphan/ketamine minus lsmean of placebo).

95% confidence intervals and associated P values were

also presented for the treatment effect. In all analyses,

the assumptions of normality and constant variance

were investigated using residual plots. The distribution

of residuals was sufficiently normal to allow a valid ANOVA.

Results

One volunteer was withdrawn from the trial as an error

in the application of his randomized treatment on the

second trial day led to him receiving both ketamine

and dextromethorphan on the same day. Several protocol

deviations (Table 1) occurred during the conduct of this

trial which led to some of the data being excluded from

the statistical analyses. Hence, the ‘n’ sizes range between

9 and 11.

Variability of the model

In a pilot study, which preceded this current investigation,

formal statistical analysis of the variability of this model

was fully investigated in 12 subjects. The within-subject

variances (standard deviation2) on 2 study days, 1 week

apart, for the two parameters used as endpoints in the

current study (heat threshold and number of stimuli

tolerated) are shown in Table 2.

Acute nociceptive threshold

Neither ketamine nor dextromethorphan produced any

significant change (P>0.05) in the heat pain threshold

of either the right or left hands or the mean value of

both hands combined (Tables 3 and 4).

Wind-up of second pain

Dextromethorphan produced no significant effect

(P>0.05) on the number of stimuli tolerated on either

the left or right hand or the mean value of both hands

combined (Table 5). In contrast, ketamine produced a

highly significant increase in the number of stimuli

tolerated by the left hand, right hand or the mean of

Table 1 Deviations that led to exclusion of data from the statistical analyses.

Deviation Volunteer number Treatment Timepoint

Dosing error – volunteer received the 0001 Dextromethorphan NA

infusion prepared for volunteer 0004.

Hence, volunteer received both

dextromethorphan and ketamine

on the same trial day

Different thermode used, which was 0001 Dextromethorphan 2 h 15 min

spontaneously reported (4 out of 6 of 0002 Ketamine Pre-dose and 2 h 15 min

the affected volunteers) to feel less hot 0003 Placebo Pre-dose and 2 h 15 min

than the original thermode used when 0004 Ketamine Pre-dose and 2 h 15 min

determining their heat pain thresholds 0005 Dextromethorphan Pre-dose

and wind up 0006 Placebo Pre-dose

Table 2 Variance (standard deviation2) of heat pain threshold and

number of stimuli tolerated.

Study day

Site and time of assessment 1 2

Heat pain threshold ( uC)
Left hand 0 and 2 h 0.18 0.33

0 and 6 h 0.27 0.20

Right hand 0 and 2 h 0.18 0.20

0 and 6 h 0.55 0.24

Number of stimuli tolerated

Left hand 0 and 2 h 11.9 4.6

0 and 6 h 15.1 3.3

Right hand 0 and 2 h 12.6 6.8

0 and 6 h 6.5 2.6

Ketamine and human wind-up pain
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both hands combined (P=0.0002, 0.0386 and 0.0009,

respectively; Figure 2 and Table 6).

Adverse events

There were no serious adverse events and only minor

adverse events were reported. Three of the volunteers

dosed with dextromethorphan reported three adverse

events of headache, somnolence and right shoulder pain.

All volunteers dosed with ketamine reported a total of

35 adverse events. The commonest of these events

accounting for 33 out of the 35 reported were paresthesia

(10 events in 10 volunteers), alterations in mood

(either euphoria [6 events in 6 volunteers] or dysphoria

[4 events in 4 volunteers]), dizziness (5 events in

5 volunteers), somnolence/asthenia/clouding of con-

sciousness (6 events in 4 volunteers) and nystagmus

(2 events in 2 volunteers). Typically, these adverse events

occurred within minutes of commencing the ketamine

infusion, and ceased within minutes of terminating the

ketamine infusion.

Plasma concentrations of ketamine, dextromethorphan
and dextrorphan

Geometric mean (minimum and maximum) plasma con-

centrations of ketamine, dextromethorphan and dextror-

phan at 2 h 15 min after dosing with dextromethorphan

were 72.25 (53.02, 100.04), 2.60 (not quantifiable, 26.62)

and 711.87 (157.48, 1235.44) ng mlx1, respectively

(conversion multiplication factors to mM are 0.0036,

0.0037 and 0.0039, respectively).

Discussion

The model utilized for the current study is a reliable and

robust model with clear evidence of low variance using

a design that allows subjects to be employed as their

own controls by crossing over the periods of treatment

(Table 2). When within subject variance is assessed by

taking the mean variance of both hands for the heat

pain threshold and number of stimuli tolerated, these

values are 0.18 and 6.89, respectively. In terms of

identifying an effect, these data relate to 12 subjects

having a greater than 90% chance of detecting a true

difference of t4 in the number of stimuli tolerated

and a true difference of 0.65u C in heat pain threshold

taking the mean of both hands, between dextrometh-

orphan and placebo and between ketamine and placebo

using a two-sided test.

Unfortunately, we have not included any measures of

variability to assess the effect of ‘handedness’ in the

current study, and are not able to comment on how

hand-dominance would impact on the findings.

There is now much evidence that NMDA receptors

play a key role in chronic pain states and hyperalgesia

[10, 18] and agents such as ketamine [19] and dextro-

methorphan [8, 20, 21] are finding use for this indication.

This current study has shown that ketamine, but not

dextromethorphan (60 mg), can interfere with the

mechanisms responsible for the wind-up associated

with ‘second-pain’ induced by heat. There was no effect

with either ketamine or dextromethorphan on the acute

nociceptive threshold, indicating that the acute nocicep-

tive mechanisms were not influenced by the NMDA-

modulators ketamine and dextromethorphan. Moreover

in terms of ensuring the ‘blindness’ of the treatments as

both ketamine and dextromethorphan can produce

unwanted central nervous system side-effects, it was

interesting to note that although these effects were

apparent and that subjects may have realized that they

had taken something other than a placebo, the fact

that acute nociceptive threshold was unaffected (Tables 3

and 4) suggests that psycho-suggestive effects were not

influencing the reaction of the subjects to the pain

stimulus. In terms of absolute blinding of the placebo

to dextromethorphan, this was not possible as the latter

Table 3 Analysis of acute nociceptive threshold (uC) – effect of dextromethorphan.

Dextromethorphan Placebo Treatment

n lsmean n lsmean effect 95% CI P value

Left hand 11 47.50 10 47.46 0.04 x0.41, 0.50 0.8480

Right hand 11 47.54 10 47.62 x0.08 x0.56, 0.41 0.7315

Mean hands 11 47.52 10 47.54 x0.02 x0.40, 0.36 0.9165

Table 4 Analysis of acute nociceptive threshold (uC) – effect of

ketamine.

Ketamine Placebo Treatment

n lsmean n lsmean effect 95% CI P value

Left hand 9 47.64 10 47.46 0.18 x0.32, 0.67 0.4606

Right hand 9 47.90 10 47.62 0.28 x0.25, 0.81 0.2708

Mean hands 9 47.77 10 47.54 0.23 x0.18, 0.65 0.2542

A. M. Hughes et al.

608 f 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 604–612



Table 5 Analysis of number of stimuli tolerated – effect of dextromethorphan.

Dextromethorphan Placebo Treatment

n lsmean n lsmean effect 95% CI P value

Left hand 11 15.84 10 16.48 x0.64 x5.52, 4.24 0.7834

Right hand 11 11.75 10 15.25 x3.50 x11.89, 4.90 0.3885

Mean hands 11 13.80 10 15.87 x2.07 x7.21, 3.07 0.4043
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Left hand
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Right hand Mean of left
and right hands

Left hand Right hand Mean of left
and right hands

After dextromethorphan

Before dosing

Left hand

a
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10

40

15

45

20

50

25

Right hand Mean of left
and right hands

Left hand Right hand Mean of left
and right hands

After ketamine

a b c

Figure 2 a) Effects of ketamine (%) compared with placebo (&) on number of heat stimuli tolerated on either the right or left hand or

the mean of both hands combined. Values shown are the lsmeans (ts.d.) obtained from 9 (ketamine) or 10 (placebo) volunteers.a

P=0.0002;b P=0.035;c P=0.0009. b) Effects of dextromethorphan (%) compared with placebo (&) on number of heat stimuli

tolerated on either the right or left hand or the mean of both hands combined. Values shown are the lsmeans (ts.d.) obtained from

11 (dextromethorphan) or 10 (placebo) volunteers. None of the values was significantly different from placebo (P>0.05).
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substance was not identical in terms of its constituents

compared with RobbitussinTM Dry Cough Mixture,

however, the taste and colour of the materials in both

preparations were very similar. Moreover, as the subjects

had at least 1 week interval between taking either the

Paediatric Simple Linctus or RobbitussinTM Dry Cough

Mixture, this made the likelihood of a difference being

noticed very unlikely.

The second pain elicited by repeated heat stimuli

evokes sensitization of neurones in the dorsal horn of

the spinal cord [3, 4]. Animal studies have shown that

NMDA receptors in the dorsal horn play an important

role in the generation of central sensitization [5, 6]. The

repeated stimulation of c-fibres by noxious heat leads to a

progressive increase in the firing rate of the dorsal horn

neurones. This phenomenon can be prevented in animals

by the administration of NMDA receptor antagonists

[11, 12]. Ketamine is classed as a noncompetitive NMDA

antagonist [22] that has been shown in man to eliminate

secondary hyperalgesia induced by noxious heat, to both

brush and punctate stimuli, when administered at a low

dose (0.15 mg kgx1 iv over 10 min [23]). The dose of

ketamine used in the present study (0.375 mg kgx1)

was somewhat higher than that employed by Warnecke

et al. [23], however, ketamine clearly prevented the pain

phenomenon associated with wind-up without affecting

acute nociceptive perception per se as determined by

heat pain thresholds. Moreover, the side-effect profile

with ketamine in the current study was very similar to

that reported by Warnecke et al. [23] where a lower dose

of ketamine was employed. Park et al. [9] used similar

doses to that used in the current study and were able to

demonstrate a reduction in pin-prick hyperalgesia and

ongoing pain following intradermal injections of capsaicin

in healthy volunteers. The dose employed in this study

is similar to those utilized in the clinical relief of acute

postoperative pain [24–26] and we achieved plasma con-

centrations approximating those associated with clinically

meaningful pain relief [27], but not associated with

CNS-adverse effects [28].

Dextromethorphan has been cited as an NMDA

antagonist [29, 30] but also has been shown to possess

affinity for serotonin receptors at relatively high con-

centrations compared with its affinity for NMDA

receptors (e.g. half-maximum inhibitory concentration

to inhibit effects at the serotonin 1A-receptor was 14.3 mM

[31] vs between 2 and 0.698 mM to half-maximally block

cloned rat NMDA-receptors [32]). Moreover, the effects

of dextromethorphan on centrally located serotonin

receptors may be to produce an indirect modulation of

NMDA receptors [33].

Dextromethorphan, in contrast to ketamine, was

without significant antinociceptive activity in this current

study, despite using doses which are in the high range of

antitussive doses [43]. There is evidence that the agent

produces antinociceptive activity in both animal [14],

and human-pain models [20] although its efficacy in the

clinic is less well defined [34]. Indeed, doses in excess of

300 mg dextromethorphan have been reported to be

necessary before meaningful clinical analgesia is noted

[35, 36]. However, at doses between 300 and 600 mg,

side-effects then need to be managed appropriately

and, further, these dose-levels equate to approximately

4–17 mM plasma dextrorphan [32] which may be high

enough to induce non-NMDA-mediated effects. Clearly,

titration to reduce the side-effect liability and any lack

of selectivity, is required. The maximum well-tolerated

single dose of dextromethorphan of approximately 60 mg

[37–41] was the dose employed in this study. Whilst

this dose was similar to that used by Price et al. [20]

who demonstrated attenuation of temporal summation

to second pain with 30 and 45 mg dextromethorphan,

doses of 40–80 mg have not been found to be associated

with meaningful pain relief [42]. We were not able to

demonstrate any analgesic effect at these doses in the

volunteer model of pain. Clearly, it would be interesting

to further investigate the effects of 300 mg dextro-

methorphan in this pain model following a period of

dose titration, however, it would then need caution to

fully explain any positive findings.

Nevertheless, we consider this model to be a well-

tolerated and useful model for profiling putative NMDA

antagonists in early phase clinical development.
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