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Synergistic depression of NMDA receptor-mediated
transmission by ketamine, ketoprofen and L-NAME
combinations in neonatal rat spinal cords in vitro
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Background and purpose: Spinal N-methyl-D-aspartate (NMDA) receptor/cyclooxygenase (COX) and nitric oxide synthase
(NOS) pathways play a major role in nociceptive processing, and influencing them simultaneously may induce synergistic
analgesia. This study determined the spinal antinociceptive interactions between ketamine (NMDA receptor channel blocker),
ketoprofen (COX inhibitor) and L-NAME (NOS inhibitor) combinations.

Experimental approach: Using an in vitro neonatal rat spinal cord preparation, two A-fibre-mediated reflexes, the
monosynaptic reflex (MSR) and the low-intensity excitatory postsynaptic potential (epsp), and one C-fibre-mediated reflex, the
high-intensity epsp, were evoked electrically. The effect of drugs and drug combinations on these reflexes was assessed and the
type of interaction determined by isobolographic analysis.

Key results: Infusion of ketamine alone decreased all three reflexes. That of ketoprofen decreased both the low and the high-
intensity epsp only. Infusion of L-NAME alone produced no significant effects. Co-infusion of fixed ratios of 1C,4 fractions of
both (ketamine + ketoprofen) and (ketamine + L-NAME) were synergistic for depressing the low and the high-intensity epsps.
The interaction was sub-additive for both combinations on the MSR. The only significant effect for the (ketoprofen + L-NAME)
combination was synergism on the high-intensity epsp.

Conclusions and implications: All three combinations synergistically depressed nociceptive spinal transmission, and both
ketamine and ketoprofen and ketamine and L-NAME combinations did so with potentially decreased motor side effects. If such
combination profiles also occur in vivo, the present findings raise the possibility of ultimate therapeutic exploitation of
increased analgesia with fewer side effects.
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Introduction

Although many methods and drugs are available for pain
therapy, the search for more effective ways of relieving pain
continues. As a large number of receptor systems and
pathways are involved in the nociceptive processing of
information (Dickenson, 1995), intuitively it would be more
effective to influence them simultaneously. Spinal adminis-
tration of drug combinations that act at different nociceptive
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receptor systems may be an adequate way to overcome some
of the limitations of conventional therapies. Analgesic
combinations should, however, satisty two important phar-
macodynamic criteria: the drugs in the combination should
display additive or synergistic antinociception and fewer side
effects (Yaksh and Malmberg, 1994).

Currently, subdural administration of opioid agonists is a
common procedure to control some types of pain, but the
side effects and limitations of spinally administered opioid
analgesics (for example, delayed respiratory depression,
pruritus) (Channey, 1995) confirm the need for alternatives.
It is widely accepted that spinal NMDA receptors play a key
role in nociception (Bennett, 2000). Intrathecal (i.t.) admin-
istration of NMDA receptor antagonists reduces spinal



hyper-excitability (Harris et al., 2004) and induces antinoci-
ception in a number of animal pain models (Dolan and
Nolan, 1999; Park et al., 2000; Yaksh et al., 2001; Liaw et al.,
2005). Analgesia has also been reported following i.t.
administration of the NMDA receptor channel blocker
ketamine in human beings (Benrath et al., 2005). Although
relatively safe, i.t. administration of ketamine can produce
unwanted side effects such as motor block and acute
psychotic alterations (Hawksworth and Serpell, 1998; Laur-
etti et al., 2001). These side effects may arise from the fact
that NMDA receptors are widespread in the CNS and are
involved in many physiological processes (Dingledine et al.,
1999). This may limit the use of i.t. ketamine as monother-
aphy for the treatment of pain.

Activation of spinal NMDA receptors can trigger the
arachidonic acid (AA)/COX/prostaglandin (PG) signalling
pathways and induce allodynia and hyperalgesia (Malmberg
and Yaksh, 1992; Yaksh et al., 2001). The i.t. administration
of non-steroidal anti-inflammatory drugs (NSAIDs, which
inhibit COX enzymes) reduce the hyper-excitability of spinal
dorsal horn neurones (Willingale et al., 1997) and inhibit the
hyperalgesic response after i.t. NMDA administration (Dolan
and Nolan, 1999; Park et al., 2000; Yaksh et al., 2001). Case
reports also suggest that i.t. injection of NSAIDs produce
antihyperalgesia in humans (Devoghel, 1983). The i.t. route
of administration for these drugs has recently entered
clinical trials (Eisenach et al., 2002).

Activation of NMDA receptors can also stimulate the nitric
oxide (NO) signalling pathway, which has been shown to
play an important role in spinal nociceptive processing. For
example, in adult rats, i.t. administration of NMDA induces
pain-related behaviours at the same time as it increases the
concentration of the stable products of NO, nitrite and
nitrate, in CSF (Kawamata and Omote, 1999). The i.t.
administration of drugs that antagonize NMDA receptors
or inhibit NOS and soluble guanylate cyclases block
NMDA-induced nociception (Kawamata and Omote, 1999;
Fairbanks et al., 2000). In addition, in vitro experiments have
shown that NMDA treatment increases the release of cGMP
from the spinal cord of adult rats, and this increase can be
blocked by NOS inhibitors (Kawamata and Omote, 1999).
Thus, activation of spinal NMDA receptors may induce pain
at least by stimulating NOS to produce NO, which in turn
may activate soluble guanylate cyclases to increase cGMP
formation. Accordingly, analgesia, probably partially
mediated at the level of the dorsal horn of the spinal cord,
has also been demonstrated after systemic administration
of a NOS inhibitor in patients with chronic tension-type
headache (Ashina et al., 1999).

As NMDA receptor antagonists, NSAIDs and NOS inhibi-
tors are likely to have overlapping influences in the
intracellular events that subserve spinal nociceptive trans-
mission, spinal antinociceptive interactions between these
classes of compounds remain strong possibilities. In fact, the
analgesic effects of several NSAIDs were increased by a non-
analgesic dose of the NMDA receptor antagonist dextro-
methorphan in a rat model of arthritic pain (Price et al.,
1996). However, double-blinded, placebo-controlled, rando-
mized trials showed that pain relief associated with dextro-
methorphan and NSAID treatment was not superior to that
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obtained with an equal dose of dextromethorphan or the
NSAID alone in patients scheduled for surgical termination
of pregnancy (Ilkjaer et al., 2000) or elective laparoscopic
cholecystectomy (Yeh et al., 2004). These studies did not use
a fixed-ratio combination design and no isobolar analysis
could be carried out. This precluded the characterization of
the drug interaction rendering the findings suggestive, but
inconclusive.

Similarly, two separate investigations, one in mice (Bulutcu
et al., 2002) and the other in humans (Lauretti et al., 2001),
suggested that ketamine may activate the NO pathway to
exert its central analgesic effects. Nonetheless, no isobolo-
grams were constructed to determine the nature of the
interaction between the compounds used in these studies.

Other studies have evaluated a possible interaction
between the NO pathway and analgesia induced by NSAIDs
both at the peripheral and spinal cord levels (Morgan et al.,
1992; Bjorkman et al., 1996; Lorenzetti and Ferreira, 1996;
Sandrini et al., 2002; Diaz-Reval et al., 2004; Dudhgaonkar
et al., 2004; Lozano-Cuenca et al.,, 2005). However, no
isobolographic studies investigating the spinal antinocicep-
tive effect of the interaction between NSAIDs and NOS
inhibitors have been reported.

The current study examined the interactions between
ketamine, ketoprofen and N”-nitro-L-arginine methyl ester
(L-NAME) on electrophysiological segmental transmission in
an in vitro neonatal rat spinal cord preparation. Fixed-ratio
combination designs were used to distinguish between
additive and non-additive drug interactions. It was hypo-
thesized that the drug combinations would act synergistically
to depress spinal nociceptive transmission. Preliminary data
have been published in abstract form (Lizarraga et al., 2005).

Materials and methods

Spinal cord preparation

All animal procedures were approved by the Massey
University Animal Ethics Committee (protocol number
02/103). Experiments were carried out as described pre-
viously (Lizarraga et al., 2006). Briefly, unsexed, 5- to 7-day-
old Sprague-Dawley rats were killed by cervical dislocation
and decapitation and the spinal cords, with attached dorsal
and ventral roots, removed. The spinal cords were hemi-
sected sagittally and placed in a chamber with L4 or LS dorsal
root in contact with the stimulating Ag/AgCl, wire electro-
des and the corresponding ventral root in contact with the
recording Ag/AgCl, wire electrodes. The hemicords were
perfused (2ml min~!) with artificial CSF of the following
composition (mM): NaCl, 118; NaHCO3, 24; glucose, 12;
CaCly, 1.5; KCl, 3; and MgSO, - 7H,0, 1.25. The artificial CSF
was gassed with 95% O, and 5% CO, and was kept at room
temperature (21-25°C). Preparations were allowed to
equilibrate for 60 min before recordings started.

Recording techniques

Electrical stimulation of the dorsal root with single, 0.5 ms,
square wave pulses at three times threshold (threshold being
the intensity at which a discernible response first appeared in
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the ventral root) produced two A-fibre-mediated synaptic
responses: the monosynaptic reflex (MSR; Figure 1a) super-
imposed on a population excitatory postsynaptic potential
(epsp) and the low-intensity epsp (Figure 1b), which lasts up
to 2s (Faber et al., 1997). Both responses have glutamate
receptor-mediated components, with the former being
mediated by kainate and AMPA receptors and the latter by
NMDA receptors (Long et al., 1990; Woodley and Kendig,
1991; Faber et al., 1997). Stimulation at 32 times threshold

Control Ketamine

evoked an additional C-fibre-mediated response, the high-
intensity epsp (Figure 1c), which lasts up to tens of seconds
(Akagi et al., 1985; Faber et al., 1997). This response possesses
both NMDA receptor and neuropeptide components (Akagi
et al., 1985; Woodley and Kendig, 1991). In sciatic nerve-
dorsal root preparations from age-matched rats, voltage
stimulation at three times threshold activated A-fibre
afferents only, and at 32 times threshold, C-fibre afferents
were also activated (Lizarraga et al., 2007). Responses were

:Ketoprofen Recovery
2my

10 ms

OSmV‘

200 ms

Ketamine : Ketoprofen

B6.12 uM 17224 uM | 344.49 uM | 6B8B.97 uM

125

—&— MSR

| §9.19 uM | 138.38 uM | 276.75 uM | 5535 uM O Low intensily epsp
| 48.4 UM | 96.8 UM 1936 yM | 3872 um | T % High intensity epsp

Ti
Figure 1

L] L)
100 150 240 280

me (min)

Effects of ketamine + ketoprofen combinations on the synaptic responses. The combinations depressed the low-intensity epsp (b)

and the high-intensity epsp (c), but had a minor effect on the MSR (a). Recordings in the left panels show the control responses (time 0 min),
each one from a different preparation, those in the middle panels represent the depressive effects of the ketamine + ketoprofen combinations

(time 160 min) and those in the right panels illustrate their recovery aft
the actions of ketamine + ketoprofen combinations, each concentra

er 90 min of drug-free medium (time 250 min). (d) Time course showing
tion infused for 35min, on the different components of the synaptic

response. Fractions were 0.045:0.955 for the MSR and the low-intensity epsps, and 0.048:0.952 for the high-intensity epsp. Each point
represents the mean +s.e.mean of four preparations for each one of the synaptic responses. epsp, excitatory postsynaptic potential; MSR,

monosynaptic reflex.

British Journal of Pharmacology (2008) 153 1030-1042



amplified (AA6 Mk III, Medelec MS6 system; Medelec Ltd,
Woking, Surrey, UK), transferred to a PowerLab 4/20
(ADInstruments Pty Ltd, Castle Hill, New South Wales,
Australia) and digitally stored for off-line analysis (Scope
v3.6.8, MacLab System 1998; ADInstruments Pty Ltd).

Effect of treatment

Segmental reflexes were recorded every 5 min. After obtain-
ing at least three baseline readings, cumulative concentra-
tions of ketamine (1-50 uM), ketoprofen (200-600 pM) and
L-NAME (1-100 pM) were applied to the hemicords by adding
them to the superfusate (drug concentrations correspond to
final concentrations in the superfusate). Each ketamine
concentration was infused for 30 min and those of keto-
profen for 35 min, which were the times required for each
drug to reach equilibrium; this being defined as three
consecutive recordings being not significantly different from
each other after starting the administration of the tested
drug (Lizarraga et al., 2006). L-NAME concentrations, which
produced no apparent effect, were infused for 45 min each.
The drug concentration ranges were selected from previous
studies using a neonatal rat spinal cord preparation (Brock-
meyer and Kendig, 1995; Thompson et al., 1995; Lizarraga
et al., 2006). A final recording was taken 90min after
washout when the drug depressed the synaptic response or
30 min after washout when the drug had no apparent effect.
Infusions lasted 30min for each concentration when
ketamine was included in the drug combination and
35 min when ketoprofen was part of the combination; when
these two drugs were tested together, infusions lasted 35 min
for each concentration (Figure 1d). Only one reflex and
treatment were studied per preparation.

The effect of treatment was assessed by converting the
peak amplitude of the MSR and the area under the curve of
both the low-intensity epsp and the high-intensity epsp into
MPE% (percentage maximal possible effect) values according
to the formula: %MPE=100—[(post-drug effect/baseline
effect) x 100]. MPE% values from the last recording for each
treatment concentration (at least four concentrations per
treatment) and preparation (4-5 different preparations per
reflex) were used to perform linear regression analysis of log
concentration-effect data (GraphPad Prism, v4.0b for
Macintosh; GraphPad Software Inc., San Diego, CA, USA).
After assessing the regression lines for parallelism (F-test,
GraphPad Prism), the inhibitory concentration necessary to
achieve 40% MPE (IC40) together with 95% confidence
intervals (CI) was computed for each drug alone.

Composite additive line and isobolographic analyses

Drug interactions were evaluated by co-administering fixed
proportions of ketamine + ketoprofen, ketamine +L-NAME
and ketoprofen+L-NAME. The analysis of the different
combinations was performed as described by Tallarida et al.
(1997) and Porreca et al. (1990). The former methodology
was used when both drugs in the combination showed
efficacy when administered alone and it used individual
concentration—effect data to construct composite additive
lines using values over the range of effects common to the

Ketamine, ketoprofen and L-NAME spinal synergism
| Lizarraga et al 1033

two compounds. The sum of both constituents in an additive
combination (Z,4q) for individual concentration—effect data
(z) was computed according to the following equations:
Zaaa=2Z1/(p1 +Rp2) and Z,qq = z2/(p1/R + p,) (Tallarida et al.,
1997). The less-potent drug was depicted as 1, whereas the
more potent drug as 2, and R represented the relative
potency of each concentration-effect point with respect to
the other drug at that effect level (drug 1:drug 2). The fixed-
ratio combinations were arbitrarily determined by taking 0.5
fractions of the IC4o of each compound, which were used to
calculate proportions of drug 1 (p;) and drug 2 (p,). The
translated points of both drugs resulted in a set of data that
were the composite of both and were fitted to a regression
line of additivity for the drug pair. Isobolograms were
constructed by connecting the IC4, of one drug plotted on
the ordinate with the IC4, of the other plotted on the
abscissa and considering theoretical additive IC4, values and
their 95% CI derived from linear regression analysis of the
composite additive curve. In this case, the additive isobole is
not a straight line.

For each one of the actual drug combinations tested
experimentally, in which the constituents were infused in
amounts that kept the proportions of each constant, the ICyg
and its 95% CI were determined by linear regression analysis
of the log concentration-response data and compared to its
respective theoretical additive IC4, value.

For interactions involving one drug that lacked efficacy,
the method described by Porreca et al. (1990) was conducted.
In this case, isobolograms were constructed with the IC,o of
the active drug plotted on the ordinate, which produced
horizontal lines of additivity. As mentioned before, 1Cy4g
values together with 95% CI were computed for each drug
combination and were compared to corresponding
theoretical additive values obtained from the calculation:
IC40aaa =A/fa, where A was the ICy4 of the efficacious drug
and f, the fraction of A in the combination (Porreca et al.,
1990). Because A had 95% CI, CI(IC40aqq4) Was calculated as
CI(A)/fa.

Synergism was defined as the effect of a drug combination
being higher and statistically different (IC4o significantly
less) than the theoretically calculated equi-effect of a drug
combination with the same proportions. In contrast, the
effect of a drug combination being lower and statistically
different (IC4 significantly more) than the theoretically
calculated equi-effect of a drug combination with the same
proportions was regarded as sub-additivity. When the drug
combination gave an experimental IC4, not statistically
different from the theoretically calculated ICy4,, the combi-
nation was deemed to have an additive effect. Additivity
meant that each constituent contributed to the effect in
accord with its own potency, and the less potent drug was
merely acting as a diluted form of the other (Tallarida, 2000).

Statistics

Data were presented as ICy4o values with 95% CI. ICy4¢ values
for the theoretical additive combination and the actual drug
combination tested experimentally were compared using
Student’s t-test (Tallarida, 2000). Differences were taken to be
significant when P<0.05.
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Drugs

Ketamine was dissolved in distilled water and ketoprofen in
distilled water and NaOH (no more than 672pM, final
concentration). Stock solutions of both drugs were kept at
4°C. L-NAME was prepared freshly in artificial CSF each
experimental day. All drugs were obtained from Sigma (St
Louis, MO, USA).

Results

Single drug studies

Cumulative increases in ketamine concentrations decreased
all three types of reflexes; IC4o values (with 95% CI) were
7.75uM (5.94-10.00 uMm) for the MSR, 24.85uMm (16.78-
42.80uMm) for the low-intensity epsp and 18.63 uMm (8.62-
79.87 uM) for the high-intensity epsp. Ketoprofen decreased

MSR
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both the low-intensity epsp (528.64 uM (452.85-683.19 um))
and the high-intensity epsp (368.55 uMm (326.72-414.85 pm)),
with very minor efficacy on the MSR (maximum depression
of 7.42+4.61%, slope significantly different from zero,
P=0.0097, F-test). .-NAME had no effect on any of the
spinal reflexes, and the concentration-response lines
yielded slopes not significantly different from zero (P>0.3479,
F-test) (Figures 2a, c and e).

Ketamine and ketoprofen combination

The concentration-response lines obtained with ketamine
and ketoprofen alone were not parallel for both the low-
intensity epsp and the high-intensity epsp (P>0.05, F-test),
suggesting that the relative potency of both drugs was not
constant (Figures 2c and e). Taking this into consideration,
theoretical additive IC4 values with 95% CI were computed
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Figure 2 Percent maximal possible effect (MPE%) of ketamine, ketoprofen and L-NAME alone on the MSR (a), the low-intensity epsp (c) and
the high-intensity epsp (e), MPE% for the actual combinations of ketamine:ketoprofen, ketamine:.L-NAME and ketoprofen:.-NAME on the MSR
(b), the low-intensity epsp (d) and the high-intensity epsp (f). Each point represents the mean + s.e.mean of four preparations for each one of
the synaptic responses, except for ketamine and ketoprofen alone and ketoprofen + L-NAME combination on the low-intensity epsp, for which
five preparations per treatment were used. epsp, excitatory postsynaptic potential; L-NAME, N®-nitro-L-arginine methyl ester; MSR,

monosynaptic reflex.
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from linear regression analysis of composite additive lines,
which used fixed ratios of 0.5 fractions of the IC4, of
ketamine and ketoprofen alone (Figures 3b and d, Table 1).

Co-infusion of fixed ratios of ketamine and ketoprofen
(Table 2, Figures 1d, 2b, d and f) resulted in a synergistic
depressive effect at the level of 40% reduction of the control
response on both the low-intensity epsp (P<0.01; Figure 3¢)
and the high-intensity epsp (P<0.05; Figure 3e).

For the MSR, on which ketoprofen had very minor efficacy
when infused alone (Figure 2a), the same ketamine:ketopro-
fen proportion used for the low-intensity epsp (0.045:0.955)
was chosen arbitrarily to calculate the additive IC4 value
with its corresponding 95% CI (Table 1). Administration of
ketamine and ketoprofen in amounts that kept the propor-

tions of each constant was not sufficient to achieve a 40%
reduction of the control response (mean + s.e.mean maximum
reduction of 25.92 +8.25%; Figure 2b). The estimated mean
ICyp value and 95% CI of the actual mix were significantly
higher than those of the corresponding additive mixture
with these proportions, which suggests a sub-additive effect
(Table 1). This is shown isobolographically in Figure 3a, in
which the theoretical line of additivity is horizontal.

Ketamine and L-NAME combination

As L-NAME produced no significant effect when infused
alone (Figures 2a, c and e), an arbitrary fixed drug proportion
of ketamine and L-NAME (0.8805:1195) was used to calculate
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Abbreviations: Cl, confidence interval; epsp, excitatory postsynaptic potential; L-NAME, N®-nitro-L-arginine methyl ester; MSR, monosynaptic reflex; N/E, no effect.

TP<0.05 and {P<0.01 between theoretical and experimental values.

Proportions were 0.045:0.955 for the MSR and the low-intensity epsp, and 0.048:0.952 for the high-intensity epsp.

PProportions were 0.8805:0.1195 for all three evoked segmental responses.
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the theoretical additive ICy4, values with their corresponding
95% CI for the three spinal reflexes. Theoretical additive and
actual combination IC4y values for each one of the
segmental responses are presented in Table 1, and drug
concentrations actually tested for this combination on each
of the spinal reflexes are given in Table 2. The ICy4, for the
actual combination was significantly higher than the
theoretically calculated value for the MSR (P<0.01), which
indicates a sub-additive interaction for the combination, and
this is expressed isobolographically in Figure 4a.

In contrast to the MSR, IC4o values for the low-intensity
epsp were significantly higher for the theoretical additive
combination than the actual combination (P<0.05), de-
monstrating a synergistic interaction between ketamine and
L-NAME (Figure 4b).

For the high-intensity epsp, the combination of ketamine
and L-NAME was additive at the ICy4y level, as both
theoretical additive and actual combination values were
not significantly different (P> 0.05; Figure 4c).

Ketoprofen and L-NAME combination

As for the ketamine and L-NAME combination, an arbitrary
fixed drug proportion of ketoprofen and L-NAME
(0.8805:1195) was used to calculate the additive IC4o values
with their corresponding 95% CI for the three spinal reflexes
(Table 1). Co-infusion of ketoprofen and L-NAME, in
amounts that kept the proportions of each constant (Table 2),
produced a synergistic depressive effect on the C-fibre-
mediated high-intensity epsp at the level of 40% reduction
of the control response (Figure 5b).

A-fibre-evoked reflexes, on the contrary, showed an
additive response to the co-infusion of ketoprofen and
L-NAME (Table 1). The isobologram in Figure Sa illustrates
this at an effect level of the 40% reduction of the control
response for the low-intensity epsp. Similar to the adminis-
tration of either drug alone, co-infusion of ketoprofen and
L-NAME had only a minor effect on the MSR; mean + s.e.mean
maximum depression of 11+ 1.20% of the control response
(Figure 2b).

Discussion

The present study examined the nature of the interactions
between the NMDA receptor channel blocker ketamine, the
NSAID ketoprofen and the NOS inhibitor L-NAME on spinal
nociceptive reflexes. The results demonstrated synergistic
antinociceptive interactions, which may allow lower doses of
drugs, with reduced potential side effects, to be used.

The fact that both ketamine and ketoprofen alone reduced
the low-intensity and the high-intensity epsps, which have
NMDA components (Brockmeyer and Kendig, 1995; Faber
etal., 1997), may indicate that they have an effect on NMDA
receptor-mediated transmission. This was expected for
ketamine, as it is a non-competitive NMDA receptor channel
blocker and, similar to other NMDA receptor antagonists
(Faber et al., 1997), has been shown to reduce both the low-
intensity and the high-intensity epsps (Brockmeyer and
Kendig, 1995; Lizarraga et al., 2006). The depressive effects of
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Table 2 Actual drug concentrations (uM) infused onto the hemisected spinal cords for combinations of ketamine + ketoprofen, ketamine 4+ L-NAME
and ketoprofen -+ L-NAME in fixed drug proportions on the three evoked segmental responses

Segmental response Ketamine + ketoprofen (um)

Ketamine + L-NAME (um) Ketoprofen + L-NAME (um)

MSR 3.87+82.25
7.75+164.49
15.50 +328.98
31.00+657.97

3.11+66.07

6.224+132.15
12.45 +264.30
24.90 +528.60

Low-intensity epsp

2.32+46.08

4.65+92.15

9.30+184.30
18.60 +368.60

High-intensity epsp

3.87+0.53 92.14+12.50
7.75+1.05 184.27 +25.01
15.50+2.10 368.55+50.02
31.00+4.20 737.10+100.04
6.21+0.84 132.16+17.93
12.4241.69 264.32+35.87
24.85+3.37 528.64+71.74
49.70+6.74 1057.28 +143.49
4.66 +0.63 92.14+12.50
9.32+1.26 184.27 +25.01
18.63+2.53 368.55+50.02
37.26 +5.06 737.10+100.04

Abbreviations: epsp, excitatory postsynaptic potential; L-NAME, N“-nitro-L-arginine methy! ester; MSR, monosynaptic reflex.

ketoprofen alone were also expected, as NSAIDs are capable
of preventing NMDA-induced nociception (Malmberg and
Yaksh, 1992; Dolan and Nolan, 1999; Park et al., 2000; Yaksh
et al.,, 2001) and this NSAID has been shown to depress
nociceptive transmission on the in vitro neonatal rat spinal
cord preparation (Lizarraga et al., 2006).

Ketamine and ketoprofen combination
Few studies have addressed the analgesic interaction
between NMDA receptor antagonists and NSAIDs. To date,
the most detailed study was that in which the analgesic
effects of several NSAIDs were increased by a non-analgesic
dose of the putative NMDA receptor antagonist dextro-
methorphan in a rat model of arthritic pain (Price et al.,
1996). The authors concluded that the interaction was
synergistic despite not using isobolographic analysis, justify-
ing that such analysis was not carried out due to the lack of
analgesic efficacy of dextromethorphan alone. However,
isobolographic analysis in which one of the two drugs of
interest lacks efficacy alone can be performed (Porreca et al.,
1990; this report). This highlights the lack of isobolographic
analysis in the literature and does not rule out the possibility
of additive, but not detectable, effects between these
compounds. Another drawback of the dextromethorphan
study was the uncertainty of the location of the suggested
synergistic effect (that is peripheral, central or both), as drugs
were administered systemically (that is orally and intra-
peritoneally). Dextromethorphan undergoes extensive first-pass
metabolism (Wills and Martin, 1988), and the parent drug
binds with high affinity to o, receptors in comparison to the
phencyclidine binding site in the NMDA receptor (K;=419
vs 3500nM, respectively), whereas its metabolite dextror-
phan binds with similar affinity to both (K; =559 vs 460 nM,
respectively) (Newman et al., 1996). Hence, the effects of
dextromethorphan, or even dextrorphan, cannot be solely
attributed to the blockade of the NMDA receptor ion pore.
The interactions between ketamine and ketoprofen de-
scribed in this study occurred at the level of the spinal cord.
Using statistical methods developed for the analysis of drug—
drug interactions (Tallarida et al., 1997), current data

demonstrated synergism for the depression of both the
low-intensity and the high-intensity epsps. By decreasing the
concentrations of ketamine and ketoprofen, an equal
depressive effect (40% MPE) was obtained compared with
higher concentrations of each drug alone. In fact, only about
one-third of the calculated concentrations were necessary to
achieve 40% MPE in the actual experiments (Figures 3c and
e; Table 1). Recently, a more elegant methodology than the
one used here to calculate equi-effective concentrations of
drugs whose slopes are not parallel has been developed
(Tallarida, 2006, 2007). The authors were unaware of this
methodology at the time of carrying out the experiments,
but it will certainly be useful in future trials to further our
understanding of multiple drug action.

These spinal antinociceptive synergistic interactions be-
tween ketamine and ketoprofen could have important
clinical implications. This is especially so if the side effects
of these drugs do not overlap or do not facilitate each other.
Interestingly, the depressive actions of ketamine alone on
the MSR were significantly reduced when combined with
ketoprofen (Figure 3a; Table 1). The MSR is dependent on
AMPA and kainate receptor activation (Long et al., 1990;
Woodley and Kendig, 1991), and depression of this reflex
may be interpreted as a local anaesthetic effect (Lizarraga
et al., 2006). In fact, ketamine is known to produce local
anaesthetic effects, manifested as motor impairment when
administered by the i.t. route (Iida et al., 1997). Thus, the
sub-additive effect of the combination ketamine plus
ketoprofen could imply a potential to produce a reduction
in side effects compared to ketamine alone.

Whether a spinal synergistic antinociceptive interaction
with reduced potential side effects between ketamine and
ketoprofen also occurs in vivo needs to be addressed, as well
as the mechanism(s) by which these interactions take place.
An interaction at the level of the Ca®* activation of
phospholipase A, and subsequent activation of the AA/
COX pathway has been proposed for NMDA receptor
antagonists and NSAIDs (Price et al., 1996). However, other
or additional mechanisms may have contributed to the
depressant actions between ketamine and ketoprofen, as
in vitro inhibition of COX-1 and COX-2 activity by 50%
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Figure 4 Isobolograms for the MSR (a), the low-intensity epsp (b)
and the high-intensity epsp (c) at an effect level of 40% depression
of the maximal possible effect for the combination ketamine + -
NAME in a fixed-ratio proportion (0.8805:0.1195 for all three
responses). Points A represent the calculated additivity quantities for
these proportional combinations. Points C are the combination
points determined experimentally with these same proportional
mixes. epsp, excitatory postsynaptic potential; L-NAME, N®-nitro-L-
arginine methyl ester; MSR, monosynaptic reflex.

required only 0.047 and 2.9 upM of ketoprofen, respectively
(Warner et al., 1999), and the IC4, values for ketoprofen
alone were 368 uM for the high-intensity epsp and 568 um for
the low-intensity epsp. These values are in fact close to those
needed by ketoprofen (650 uM) to inhibit the activity of fatty
acid amidohydrolase by 50% in rat brains (Fowler et al.,
1997). This enzyme is responsible for the breakdown of the
endocannabinoid anandamide, which produced antihyper-
algesia when injected intrathecally to rats submitted to a
model of peripheral inflammatory pain (Richardson et al.,
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Figure 5 Isobolograms for the low-intensity epsp (a) and the high-

intensity epsp (b) at an effect level of 40% depression of the maximal
possible effect for the combination ketoprofen + L-NAME in a fixed-
ratio proportion (0.8805:0.1195 for both responses). Points A
represent the calculated additivity quantities for these proportional
combinations. Points C are the combination points determined
experimentally with these same proportional mixes. epsp, excitatory
postsynaptic potential; L-NAME, N®-nitro-L-arginine methy! ester.

1998). In fact, a spinal endocannabinoid-dependent analge-
sic effect has been demonstrated for the NSAIDs flurbiprofen
and indomethacin (Gtihring et al., 2002; Ates et al., 2003).

Using visual analogue scales and post-operative opioid
consumption, the analgesic interaction of dextromethor-
phan and NSAIDs has been studied in human beings. In
contrast to the results from the current study, combination
of an ineffective oral dose of dextromethorphan (120mg)
with an analgesic oral dose of the NSAID ibuprofen (400 mg)
produced no additive or synergistic analgesic effects in
patients scheduled for surgical termination of pregnancy
(IIkjaer et al., 2000). Similarly, pre-incisional administration
of an analgesic dose of dextromethorphan (120mg, i.m.) and
the NSAID tenoxicam (40mg, i.v.) produced no additive or
synergistic analgesia in patients scheduled for elective
laparoscopic cholecystectomy (Yeh et al., 2004). However,
these single dose studies are inappropriate to determine
synergism (Yaksh and Malmberg, 1994). Also in contrast to
the results presented here, there is anecdotal evidence,
presumably obtained using isobolographic analysis, of
additive analgesic effects after i.t. delivery of an unspecified
NMDA receptor antagonist together with an unspecified
COX inhibitor in a paw formalin test in rats (Yaksh and
Malmberg, 1994).



Synergism depends not only on the drugs and the effect
measured, but also on the fixed-ratio combination and the
total dose in the combination, which may explain the
different results between the literature and the present study.
It would be interesting to establish whether the antinoci-
ceptive synergism between ketamine and ketoprofen is
specific for these drugs or whether it extends to the NMDA
receptor antagonists and the NSAIDs as a drug class
interaction.

Ketamine and L-NAME combination

Ketamine and L-NAME acted synergistically to depress the
low-intensity epsp at the same time that induced a sub-
additive depressive effect on the MSR. These results may
suggest that simultaneously blocking NMDA receptors and
inhibiting NO production in the spinal cord could be a new
strategy to reduce nociceptive transmission. This is the first
time that spinal antinociceptive synergism is reported
between a NMDA receptor channel blocker and a NOS
inhibitor.

A synergistic interaction between ketamine and L-NAME
has been described previously, but tadpoles were used as
experimental animals and anaesthesia was taken as the end
response (Tonner et al., 1997). In the current study, despite
L-NAME alone producing no effect on spinal transmission,
it reduced by more than 50% the IC4 values for depression
of both NMDA receptor-mediated responses when infused
together with ketamine, but at this effect level the interac-
tion was synergistic for the low-intensity epsp only. The large
95% CI for the calculated theoretical additive value may
have precluded the actual drug combination from reaching
statistical significance for the high-intensity epsp. Isobolar
analysis using an effect level in the mid-range of the active
drug (that is, IC,p) may have been practical for reaching
synergism easier. However, an effect level of 40% inhibition
of the control response, which was achieved by all active
drugs (Figure 2), was selected on the hope of being of clinical
relevance. Known analgesic drugs such as morphine and
clonidine depress nociceptive transmission on the in vitro rat
spinal cord preparation by ~70% of the control responses
(Faber et al., 1997).

The mechanisms by which the synergistic interaction
between ketamine and L-NAME took place remain to be
elucidated. However, as synergism was only observed on the
low-intensity epsp, spinal antinociceptive synergism with
this drug combination may occur only when NMDA
receptors are activated. This may suggest an interaction
between the NMDA receptor-NO pathway. Ketamine is a
NMDA receptor channel blocker and it would be expected to
indirectly decrease NOS activity by reducing the entry of
extracellular Ca®’" into the cell (Miyawaki et al, 1997;
Gonzales et al., 1999; Rivot et al., 1999). However, there are
reports in which ketamine did not affect the activity of NOS
(Tobin et al., 1994) and even increased nitrite and nitrate
concentrations (Wu et al., 2000) in CNS tissues from adult
rats. Assessment of the biochemical activity of NOS during
ketamine perfusion onto the in vitro spinal cord preparation
may help to clarify this issue.
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Whatever the net effect of ketamine on spinal NO
production may have been, ketamine depressed nociceptive
transmission in the neonatal rat spinal cord most likely by
non-competitively blocking the NMDA receptor channel
(Brockmeyer and Kendig, 1995; Lizarraga et al., 2006).
Although stimulation of NOS with the subsequent produc-
tion of NO triggered by activation of NMDA receptors plays
an important role in the spinal nociceptive processing of
information (see Introduction), there are other receptor
systems that can also activate the NO pathway. For instance,
activation of glutamate receptors other than NMDA recep-
tors can also increase cGMP concentrations in spinal cord
slices from neonate rats (Morris et al., 1994) and in cultured
cerebellar cortical neurones from fetal rats (Gonzales et al.,
1999). In both cases, NOS inhibitors, including L-NAME,
blocked the increase in cGMP concentrations (Morris et al.,
1994; Gonzales et al., 1999). Therefore, blockade of NMDA
receptors and reduction of NO production may be mechanisms
by which ketamine and L-NAME synergistically reduced
NMDA receptor-mediated transmission on the neonatal rat
spinal cord in vitro.

It also remains to be determined whether antinociceptive
synergism between ketamine and L-NAME occurs in vivo and
extends to other NMDA receptor antagonists and NOS
inhibitors. If synergism is demonstrated in these situations,
the combination described in this study could have im-
portant clinical implications for the control of pain trans-
mission at the spinal cord level.

In contrast to the present study, there are reports
suggesting an antagonistic action of L-NAME on the effects
of ketamine in the CNS. Wu et al. (2000) observed that i.p.
administration of L-NAME (100 mgkg ') prevented the i.p.
ketamine (100mgkg ')-induced increase of nitrite and
nitrate concentrations in the hippocampus of adult rats.
Mueller and Hunt (1998) demonstrated that chronic sub-
cutaneous administration of L-NAME (50 mg kg~!) prevented
the anaesthetic effect of ketamine (75mgkg ') given
intramuscularly to adult rats. Bulutcu et al. (2002) reported
that i.p. (10mgkg '), but not i.t. (30 ug in 5 pl), administra-
tion of a non-antinociceptive dose of L-NAME prevented
the antinociceptive action of i.p. (1-10mgkg™!) and i.t.
(10-60 pg in 5pl) administration of ketamine in models of
inflammatory pain in adult mice. Lauretti et al. (2001) even
found that transdermal application of the NO generator
nitroglycerin increased the analgesic effect of epidurally
administered S(+ )-ketamine in patients undergoing ortho-
paedic knee surgery. These data suggest that ketamine may
activate the NO pathway to exert its effects in the CNS,
which contrasts with the synergistic effect between ketamine
and L-NAME described here. Although the differences
between the above studies and the present one could be
attributed to developmental changes in the CNS, in
particular those of spinal NMDA receptors (Kalb et al.,
1992) and NOS (Vizzard et al., 1994), it is more likely that
these differences may be due to changes in the absorption
and distribution of ketamine induced by NO modulating
drugs. For instance, systemic administration of L-NAME, in
addition to preventing the anaesthetic effect of systemically
administered ketamine, reduced by 75 and 36% the plasma
and cerebellar tissue concentration of this drug, suggesting
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an L-NAME-mediated reduction in blood flow to both the
site of administration of ketamine and its site(s) of action in
the CNS (Mueller and Hunt, 1998).

Surprisingly, and similar to the combination of ketamine
and ketoprofen, the combination of ketamine and L-NAME
produced a sub-additive effect on the MSR. Although the
mechanisms involved in this interaction are not known, it
may appear that depression of the MSR by ketamine is
dependent on NO. Again, assessment of ketamine on NOS
biochemical activity on the in vitro rat spinal cord may help
to explain this. Nonetheless, the sub-additive effect of the
combination of ketamine and L-NAME could potentially
produce less motor impairment than ketamine alone,
making this drug combination as a possible important
analgesic combination with reduced side effects.

Ketoprofen and L-NAME combination

Various studies have investigated a possible interaction at
the spinal cord level between the NO pathway and the
analgesic effects induced by NSAIDs, but there is lack of
consistency among them. NSAID-mediated analgesia was
reduced (Bjorkman et al., 1996; Lorenzetti and Ferreira, 1996;
Lozano-Cuenca et al., 2005) or unaffected (Sandrini et al.,
2002; Diaz-Reval et al., 2004) either by activating or blocking
the NO pathway. Even inclusion of an NO moiety into the
structure of NSAIDs, including S(+ )-ketoprofen, produced
enhanced analgesia in comparison to the NSAIDs alone
(Gaitan et al., 2004). Discrepancies could be due to the
differences in experimental procedures, including the drugs,
routes of administration and pain models used.

Using dose—effect experimental designs in models of
peripheral inflammatory pain (injection of formalin into
the paw) and visceral pain (i.p. administration of acetic acid),
Morgan et al. (1992) suggested that synergism occurred in
adult mice after i.p. co-administration of L-NAME and the
NSAIDs flurbiprofen and indomethacin. Although they
provided evidence that subanalgesic doses of both drugs
produced analgesia when given together, the authors failed
to carry out isobolographic analysis rendering their data as
suggestive, but not conclusive. Recently, Dudhgaonkar et al.
(2004) wused isobolographic analysis to show that the
analgesic interaction between the NSAID rofecoxib (selective
for COX-2) and the selective inhibitor of the inducible
isoform of NOS aminoguanidine was synergistic after oral
administration in adult rats submitted to a peripheral
inflammatory model of pain (intraplantar formalin). Our
data with ketoprofen and L-NAME in the immature spinal
cord, which was also obtained using isobolographic analysis,
corroborate that the nature of the antinociceptive interac-
tion between NSAIDs and NOS inhibitors is synergistic, and
provide evidence that such an interaction can take place at
the spinal cord. This is the first report to assess isobolo-
graphically, the spinal interaction between a NSAID and a
NOS inhibitor.

In contrast to this study, Diaz-Reval et al. (2004) observed
lack of effect of intrathecally administered L-NAME on the
analgesia induced by S(+)-ketoprofen given orally to
arthritic adult rats, and Lozano-Cuenca et al. (2005) reported
the need of a functional spinal NO pathway for the NSAID
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lumiracoxib to induce antihyperalgesia after being injected
intrathecally to adult rats submitted to a paw formalin test. It
may be possible that in vitro and in vivo data do not correlate
well or that experimental procedures (that is, drugs,
nociceptive models) affect the outcome of the interaction.
Further investigation is necessary to clarify these issues.

The mechanism of the synergistic interaction between
ketoprofen and L-NAME is clearly of interest, but cannot be
established by the present data. However, as synergism was
detected only on the C-fibre-mediated reflex and drugs were
applied in known concentrations in the superfusate allow us
to formulate some hypotheses. The low-intensity epsp has
NMDA receptor components and the high-intensity epsp
also has neuropeptide components (Woodley and Kendig,
1991; Faber et al., 1997). As ketoprofen alone depressed both
reflexes, antinociception may have been mediated through
inhibition of the NMDA neurokinin-1 (NK-1) and calcitonin
gene-related peptide receptor systems, as has been shown
with other NSAIDs (Malmberg and Yaksh, 1992). However,
for the synergistic interaction between ketoprofen and
L-NAME, a further inhibition of neuropeptide receptor
systems may be possible. Reduction of glutamate, substance
P (the endogenous agonist of NK-1 receptors) and calcitonin
gene-related peptide release by NSAIDs and NOS inhibitors
has been demonstrated (Kawamata and Omote, 1999; Yaksh
et al., 2001) and this could also be the case for ketoprofen
and L-NAME. The mechanisms for these effects could include
inhibition of PG production by ketoprofen (PGs increase the
release of glutamate, substance P and calcitonin gene-related
peptide; Andreeva and Rang, 1993; Bezzi et al., 1998;
Southall and Vasko, 2001) and of NO synthesis by .-NAME
(NO increased the release of glutamate and substance P;
Aimar et al., 1998; Kawamata and Omote, 1999). However, as
mentioned before, mechanisms other than, or complemen-
tary to, COX inhibition have to be considered. It may be
possible that they act on different effector systems in
presynaptic neurones or that they interact with each other’s
pathways (‘crosstalk’) (Sakai et al., 1998; Guhring et al., 2000;
Bhat et al., 2007).

In conclusion, using isobolographic analysis, the current
study provided support for a synergistic interaction between
ketamine, ketoprofen and L-NAME combinations to depress
nociceptive transmission on an in vitro neonatal rat spinal
cord preparation. In addition, combinations in which
ketamine was a part were sub-additive to depress the MSR,
which may cause less motor impairment than with ketamine
alone. Drug combinations are widely used clinically and, if
combination profiles such as those shown between the drugs
tested here also occurs in vivo, our present findings raise the
possibility of ultimate therapeutic exploitation of increased
analgesia with fewer side effects.
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