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Antinociceptive effects of NCX-701
(nitro-paracetamol) in neuropathic rats:
enhancement of antinociception by
co-administration with gabapentin

M Mar Curros-Criado and Juan F Herrero

Departamento de Fisiologia, Campus Universitario, Universidad de Alcald, Alcald de Henares, Madrid, Spain

Background and purpose: Neuropathic pain is characterized by a poor response to classic analgesics. In the present study, we
have assessed the antinociceptive activity of NCX-701 (nitro-paracetamol) in neuropathic rats, after systemic and intrathecal
(i.t.) administration. In addition, we analysed the possible benefit of the combination of NCX-701 and gabapentin, a
well-known potent analgesic, in the treatment of neuropathic pain

Experimental approach: The antinociceptive effects of i.v. and i.t. NCX-701 and paracetamol were studied in spinal cord
neuronal responses from neuropathic adult male Wistar rats, using the recording of single motor units technique. The effect
of i.v. and i.t. NCX-701 in combination with i.v. gabapentin was studied by isobolographic analysis.

Key results: The experiments showed that NCX-701, but not paracetamol, dose-dependently reduced the nociceptive
responses evoked by noxious mechanical and electrical stimulation, after i.v. (IDsp 542 = 5 umol-kg™ for noxious mechanical
stimulation) or i.t. (IDso 932 = 16 nmol-kg™") administration. The combined administration of i.v. or i.t. NCX-701 and i.v.
gabapentin induced a more intense antinociceptive effect than any of the two drugs given alone. The isobolographic analysis
showed a synergistic effect.

Conclusions and implications: NCX-701 is an effective antinociceptive compound in situations of neuropathy-induced
sensitization, with an action mainly located in the spinal cord. The combination of NCX-701 and gabapentin induces a
synergistic enhancement of the depression of nociceptive responses evoked by natural noxious stimulation. The use of
NCX-701 alone or in combination with gabapentin might open up new and promising perspectives in the treatment of
neuropathic pain.
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Introduction

Neuropathic pain is produced by damage or injury to the
peripheral or central nervous system and is characterized by a
poor response to classic analgesics such as non-steroidal anti-
inflammatory drugs (NSAIDs) and opiates. The treatment of
neuropathic pain is complicated and not very effective in
numerous occasions. It includes the use of tricyclic antide-
pressants, anticonvulsants like gabapentin and pregabalin,
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5-hydroxytryptamine and noradrenaline reuptake inhibitors
and topical anaesthetics like lidocaine, but many other drugs
are utilized in an attempt to alleviate the intensity of pain in
chronic or difficult treatment situations (Moulin et al., 2007).
Most of these drugs are, in addition, not devoid of unwanted
side-effects, which, for many patients, is an additional
problem with a demanding solution. The lack of an effective
and safe treatment for neuropathic pain has led to the search
for new molecules, or combinations of drugs, which may
improve the quality of life for this type of patient.
Experiments carried out in our laboratory have shown that
some nitro-NSAIDs (nitric oxide; NO; non-steroidal anti-
inflammatory drugs), such as NO-paracetamol (NCX-701,
nitro-acetaminophen), are more effective and potent
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analgesics than their parent compounds, either in the absence
or in the presence of inflammation (Romero-Sandoval et al.,
2001; 2002; 2003; 2007). Nitro-NSAIDs were first developed
just to take advantage of the cytoprotective properties of NO
in the gastric mucosa. The hypothesis involved a counterbal-
ance of the gastrointestinal damage induced by the action of
the NSAIDs (Wallace et al., 1999). However, for a not well-
explained reason (Romero-Sandoval etal.,, 2007), initial
experiments showed that the new NSAID derivatives were
more effective anti-inflammatory drugs (Fiorucci, 2001) and
more potent analgesics than their parent compounds
(Al-Swayeh et al., 2000; Romero-Sandoval et al., 2007).

In the present study we investigated whether NCX-701,
which has been shown to be markedly effective in nociceptive
and inflammatory pain (Romero-Sandoval et al., 2007), exhib-
its any antinociceptive activity in neuropathy. To test this
hypothesis we studied the antinociceptive activity of NCX-
701 in responses to noxious natural and electrical stimula-
tion, evoked in neuropathic rats, by means of the recording of
spinal cord neuronal responses using the single motor unit
(SMU) technique. We also determined whether its effect is
mainly located in the spinal cord by comparing its actions
after systemic and intrathecal (i.t.) administration. In addi-
tion, we analysed the possible benefit of combining NCX-701
with gabapentin, a well-known effective analgesic in the treat-
ment of neuropathic pain (Tremont-Lukats etal., 2000;
Jensen, 2002), for the inhibition of nociceptive responses.
Preliminary data have been previously published in abstract
form (Herrero and Curros-Criado, 2008).

We conclude that NCX-701 is an effective antinociceptive
compound in situations of neuropathy-induced sensitization,
with an action mainly located in the spinal cord. The combi-
nation of NCX-701 and gabapentin induces a synergistic
enhancement of the antinociceptive activity. The use of NCX-
701 alone or in combination with gabapentin might open
new and promising perspectives in the treatment of neuro-
pathic pain.

Methods

Animals, preparatory surgery and groups of experiments

The experiments were performed in 52 male Wistar rats
weighing 235-350 g. The animals were housed individually in
cages, maintained on a 12 h light/dark cycle and with free
access to food and water at all times. In the first part of the
study we evaluated the possible antinociceptive activity of
NCX-701 after i.v. and i.t. administration, comparing the
results with its parent compound, paracetamol. The experi-
ments were divided into four groups: animals treated with
paracetamol i.v. (n = 7), animals treated with NCX-701 i.v.
(n = 7), animals treated with paracetamol i.t. (n = 6) and
animals treated with NCX-701 i.t. (n = 9). The second part of
the study consisted of the evaluation of the antinociceptive
activity of gabapentin alone i.v. (n = 9) and in combination
with NCX-701i.v. (n=7) ori.t. (n=7).

The antinociceptive activity of the drugs was assessed by
means of the SMU technique, which has been described in
detail several times elsewhere (Herrero and Headley, 1991;
Solano and Herrero, 1997). Briefly, the preparatory surgery
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consisted in the cannulation of the trachea, one carotid artery
to register the blood pressure, and two superficial jugular
veins, and was performed under halothane anaesthesia (5% in
oxygen for induction and 2-3% for maintenance). After the
surgery, halothane was discontinued, and the anaesthesia
maintained with a-chloralose (50 mg-kg™ initial dose and
25 mg-kg'-h™' by perfusion pump for maintenance in a rate of
1 mL-h™, diluted in saline). The right hind limb was fixed in
inframaximal extension in a Perspex block using plaster of
Paris. Core temperature was maintained at 37 = 0.5°C by
means of a feedback-controlled heating blanket. Blood pres-
sure was monitored continuously during the experiments and
rats with a systolic pressure below 100 mmHg, before the
administration of a drug, were rejected from the experiment.
In all cases the preparation was left to rest for at least 1 h after
the surgery before any drug was tested. Mononeuropathy was
induced under the same anaesthetic regime, 7 days before the
experiment, using the partial ligation of the sciatic nerve
technique (Seltzer et al., 1990). The development of hyperal-
gesia was assessed by behavioural experiments, studying with-
drawal reflex responses evoked by mechanical and thermal
stimulation following the technique described previously in
detail (Curros-Criado and Herrero, 2005). Briefly, von Frey
filaments (60, 80, 100, 200, 300 and 500 mN, applied 10 times
for approximately 1 s to the plantar surface of each hind paw)
were used to study the frequency of withdrawal reflex
responses. Withdrawal of the paw due to the application of
the filament was considered as a positive response. Radiant
heat generated by an algesimeter (Ugo Basile plantar test;
55°C) was used to test thermal hyperalgesia. Paw withdrawal
latencies were measured for each paw using a maximum
cut-off time of 17 s to avoid tissue damage.

Intrathecal catheter implantation

Chronic lumbar catheters were implanted in rats under i.p.
ketamine/xylazine anaesthesia (2:1; 1 x 10®°mL.g':5 x
10~ mL-g™") following the technique described by Yaksh and
Rudy (1976) at least 7 days before any other procedure. A
7.6 cm long polyethylene catheter (PE-5) was inserted
through an incision in the atlanto-occipital membrane and
advanced caudally into the i.t. space terminating at the L1-3
spinal segments. The end of the catheter was tunnelled sub-
cutaneously over the front dorsal skull bones and held in this
place with dental acrylic. Cefazolin (8 x 10 mL-g™') was
administered after the surgery to prevent postoperative infec-
tion. Rats were housed individually after implantation under
the same conditions described above. I.t. catheters were
carried for at least 5 days after implantation. Rats showing
motor weakness or signs of paralysis upon recovery from
anaesthesia were killed immediately. The location of catheters
was assessed on completion of experiments by injecting 7 puL
of pontamine sky blue (4% in 0.5 mol-L™ sodium acetate).

Stimulus presentation and recording systems

Single motor unit activity was recorded from hind limb
muscles by means of a homemade bipolar teflon-coated tung-
sten electrode (Solano and Herrero, 1997) and a standard
electrophysiological set-up. Nociceptive activity was elicited



in 3 min cycles consisting of 10s of noxious mechanical
stimulation and one train of 16 percutaneous electrical
stimuli. Noxious mechanical stimulation was applied over an
area of 14 mm? using a computer-controlled pincher device,
and a force of 200 mN over the threshold intensity, threshold
being the minimal pressure required to evoke a constant firing
rate for at least 10 s of stimulation (Herrero and Headley,
1991; Solano and Herrero, 1997). The electrical stimulation
was applied using two 0.2 mm needles inserted percutane-
ously in the most sensitive area of the cutaneous receptive
field, with 16 pulses of 2 ms width, 1 Hz and an intensity of
twice the threshold current for long latency responses (C-fibre
responses, Herrero and Cervero, 1996a). Only units with a
stable firing rate and summation of responses to constant
intensity repetitive electrical stimulation (wind-up) were
selected for the experiments (Herrero et al., 2000). The drugs
were tested only when the responses observed with either
stimulus were stable.

Drugs and collection and analysis of data
The drugs studied were prepared fresh everyday, immediately
before administration, and were diluted in 0.9% saline. In all
cases, i.t. administration was made in a total volume of 7 uL,
followed by another 5 pL of saline to flush the catheter. Thei.v.
injection was made in a total volume of 0.3 mL, followed by
another 0.3 mL of saline to flush the catheter. For i.v. admin-
istration, paracetamol and NCX-701 were dissolved in DMSO
and polyethylene glycol (1:1) in a concentration of
50 mmol-L7, diluted in saline and administered in cumulative
log2 regime. The initial dose used was 15 umol-kg™’, and the
highest dose used was 960 pmol-kg™'. Each dose was adminis-
tered every seven cycles of stimulation (21 min; Romero-
Sandoval et al., 2001; 2002; 2003). Gabapentin was dissolved
in distilled water 0.5 pmol-uL" and diluted in saline. The drug
was injected i.v. in cumulative log2 regime in a total and
constant volume of 0.3 mL in doses of 40-640 pmol-kg'. Pre-
liminary experiments showed that the peak effect of gabapen-
tin was observed within the first 7 min after i.v.
administration. According to this, the doses studied were
administered every three cycles of stimulation (9 min). For i.t.
administration, paracetamol and NCX-701 were dissolved in
DMSO (20 nmol-uL™), diluted in saline and administered in
cumulative log2 regime in a dose range of 60 to 960 nmol-kg™'.
The collection of data and stimulation protocols were per-
formed by computer using commercial software (CED, Cam-
bridge, UK; Spike 2). The effect of the highest cumulative dose
was studied for a minimum of 30 min. The number of spikes
counted in the last two cycles of stimulation (18-21 min for
paracetamol and NCX-701 and 6-9 min for gabapentin)
between each dose were averaged and the mean compared
with the control response, control being the mean of the
three responses obtained before the administration of the first
dose (see for further details Herrero and Headley, 1991; Solano
and Herrero, 1997). Spikes from mechanical and electrical
stimulation were counted and analysed separately. The data
from the electrical stimulation were analysed by counting the
number of spikes evoked between 150 and 650 ms after each
stimulus (C-fibre responses, Herrero and Cervero, 1996a,b).
Wind-up responses are presented as actual mean number of
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spikes or as percentage of control, in order to facilitate com-
parisons. The effect of the drugs (raw data) and the compari-
son of regression curves were assessed with the one-way
analysis of variance (ANOVA) with post hoc Dunnett’s multiple
comparison test, whereas the comparison of IDs, values was
made with the two-tail unpaired t-test.

Drug interactions were determined by means of isobolo-
graphic analysis, described in detail previously (Tallarida
et al., 1989; Tallarida, 2001). Supra-additivity or synergistic
effect is defined as the effect of a drug combination that is
significantly higher than the theoretically calculated equief-
fect of a drug combination with the same proportions. The
isobologram was constructed using the theoretical and experi-
mental IDs, doses calculated from the experimental results
when the drugs were given alone or combined. The drugs
were administered in combination as fixed ratios of the
equieffective IDso dose for each drug (1:1). The IDs, values
(+s.e.mean) for NCX-701 and gabapentin alone were plotted
on the x- and y-axes, respectively, and the theoretical additive
point was calculated according to Tallarida et al. (1989) and
Tallarida (2001). The experimental values were analysed using
linear regression and plotted on the isobologram for the com-
parison with the theoretical value. Student’s t-test was used to
determine significance of the difference between the theoreti-
cal additive point and experimental value. A synergistic effect
was considered when the P-value was less than 0.05. In addi-
tion, the interaction index was calculated as experimental
IDso/theoretical IDso. If the index value is close to 1, the
interaction is additive, whereas values lower than 1 are an
indication of the magnitude of supra-additive or synergistic
interactions (Tallarida, 2001).

All the statistical tests were made by means of commercial
software (GraphPad Prism and GraphPad InStat). Data are
presented as mean =+ s.e.mean. At the end of the experiments
the animals were killed with an overdose of sodium pento-
barbital. All experiments in this study were undertaken in
accordance with Spanish and European Union legislation
regarding the uses of animals for experimental protocols, and
all efforts were made to reduce the number of animals used.
The methods used in the present study were approved by the
Committee of ethics in research of the University of Alcala.

Drugs and materials

o-Chloralose, pontamine sky blue and DMSO were all
obtained from Sigma (Sigma-Aldrich, Madrid, Spain); the
computer-controlled pincher device, model Estimec, was
built by Cibertec (Madrid, Spain); polyethylene glycol, was
acquired from Panreac Quimica (Barcebna, Spain); gabapen-
tin from Medichem (Barcelona, Spain) and sodium pentobar-
bital (Dolethal) from Vetoquinol S.A. (Madrid, Spain).
Dolethal (Vetoquinol S.A.). NCX-701 was kindly supplied by
NicOx S.A. Milan, Italy).

Results

Antinociceptive effects of paracetamol and NCX-701 after

i.v. administration

The study of the antinociceptive effects of paracetamol and
NCX-701 after i.v. administration in response to noxious
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Figure 1 Antinociceptive effect of i.v. (upper panel) and intrathecal
(i.t.) (lower panel) NCX-701 and paracetamol on responses to
noxious mechanical stimulation. The i.v. or i.t. administration of
paracetamol did not reduce significantly the responses to noxious
mechanical stimulation in neuropathic rats. However, the administra-
tion of NCX-701 reduced dose-dependently the responses with an
IDso of 542 = 5 umol-kg™ after i.v. administration and an IDs, of 932
+ 16 nmol-kg™ after i.t. administration. Statistical analysis was made
with the one-way ANOVA, with the post hoc Dunnett’s test, comparing
the effect of NCX-701 versus control response (*P < 0.05, **P < 0.01)
and versus the effect of paracetamol (#P < 0.05, ##P < 0.01).

mechanical stimulation showed a clear different action of the
drugs (Figure 1). Whereas the administration of paracetamol
only induced a slight decrease in the responses to noxious
mechanical stimulation with the highest dose studied (77 *
8% of control response), the administration of NCX-701 pro-
duced a more intense and dose-dependent reduction of the
nociceptive responses. The IDs, was 542 = 5 umol-kg’,
the minimal effective dose was 240 pmol-kg' (P < 0.05;
67.7 mg-kg), and the maximal effect observed was 47 + 12%
of the control response (P < 0.01). The effect of NCX-701
lasted for a minimum period of 30 min and was significantly
lower than that observed with paracetamol from the dose of
240 pmol-kg™! (P < 0.05, Figure 1).
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High intensity electrical stimulation induced a clear
wind-up in all the experiments performed (see the inset in
Figure 2 as an example), and the responses elicited with the
first pulse were similar in all curves. The administration of
cumulative doses of paracetamol only induced a significant
reduction of wind-up with the highest dose studied (53 =+
15%, P < 0.05, Figure 2). The administration of NCX-701,
however, induced a more intense reduction of wind-up.
Similar to that seen in responses to noxious mechanical
stimulation, the effect was dose-dependent, with a minimal
effective dose of 30 umol-kg™ (P < 0.05, Figure 2). The highest
dose studied almost completely inhibited the responses
(maximal effect of 18 £ 7% of control response, P < 0.01,
Figure 2).

Blood pressure was monitored throughout the experiment,
and no significant changes in mean arterial pressure were
observed after the administration of paracetamol or NCX-701
(data not shown).

Antinociceptive effects of paracetamol and NCX-701 after

i.t. administration

Figure 1 shows the effects of paracetamol and NCX-701 on
responses to noxious mechanical stimulation after i.t. admin-
istration. The administration of cumulative doses of paraceta-
mol was not followed by any significant change in the
nociceptive responses. However, the administration of NCX-
701 induced a significant and dose-dependent reduction of
the nociceptive activity. In this case, the calculated IDs, by
regression was 932 = 16 nmol-kg™', the minimal effective dose
was 240 nmol-kg™" (P < 0.05; 67.7 ug-kg™"), and the maximal
effect observed was 50 = 7% of the control response (P <
0.01). Similar to that seen after i.v. administration, the effect
of NCX-701 lasted for a minimum period of 30 min and was
significantly lower than that observed with paracetamol from
the dose of 120 nmol-kg™ (P < 0.05).

High intensity electrical stimulation induced a clear
wind-up in all the experiments performed (see an example in
inset of Figure 2), and the responses elicited with the first
pulse were similar in all curves. The administration of parac-
etamol did not induce any significant reduction of wind-up
with any of the doses studied (Figure 2). The administration
of NCX-701, however, induced a significant and dose-
dependent reduction of wind-up. The minimal effective dose
was 240 nmol-kg™" (P < 0.01, Figure 2), and the highest dose
studied induced a reduction of 41 = 11% of control response
(P < 0.01, Figure 2).

Antinociceptive effects of the combined administration of
NCX-701 and gabapentin after i.v. administration

In order to assess the degree of antinociception induced by
NCX-701 in animals with neuropathy, we compared its activ-
ity with that of gabapentin, a drug with a well-known anti-
nociceptive activity in neuropathic pain (see only as examples
Tremont-Lukats et al., 2000; Jensen, 2002). The results
observed in responses to noxious mechanical stimulation are
illustrated in Figure 3. The i.v. administration of gabapentin
induced a maximal effect of 43 = 7% of control response (P <
0.01), with an IDs, of 414 = 27 umol-kg'. Although the
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Figure 2 Effect of i.v. (upper panel) and intrathecal (i.t.) (lower panel) NCX-701 and paracetamol on wind-up. The administration of
paracetamol only reduced the wind-up phenomenon with the highest dose studied after i.v. administration. No significant effect was observed
after i.t. administration. NCX-701, however, induced a dose-dependent and almost complete inhibition of wind-up in neuropathic rats after
i.v. administration (maximal reduction of 18 = 7% of control response). The i.t. administration of NCX-701 also induced a dose-dependent
reduction of wind-up in neuropathic rats (maximal reduction of 41 * 11% of control response). The figure shows the effect of NCX-701 and
paracetamol on wind-up as a percentage of control, and the effect of NCX-701 as the actual number of C-fibre-mediated responses (insets).

Statistical comparison and layout as for Figure 1.

maximal effect observed was not significantly different from
that observed with NCX-701 (47 = 12% of control response),
the IDs, values were significantly different (414 = 27 vs. 542 +
5 umol-kg™!, P < 0.01). Wind-up was also depressed by gabap-
entin, with a maximal reduction of 55 = 20% of control (P <
0.01, data not shown in figures). The i.v. administration of
NCX-701 combined with gabapentin (Figure 3) induced a
more intense antinociceptive action when compared with
the effect of NCX-701 alone: minimal effective dose of

60 umol-kg™" (P < 0.05), IDs, of 72 = 18 umol-kg' and
maximal effect of 30 = 7% control response. The possible
synergistic interaction between the two antinociceptive drugs
was studied by the isobolographic method. An isobologram
showing the antinociceptive interaction of NCX-701 and
gabapentin in responses to noxious mechanical stimulation is
shown in Figure 3. The individual IDs, values of NCX-701 and
gabapentin were plotted on the axes and connected by the
theoretical additive line. The point in the middle of the line is

British Journal of Pharmacology (2009) 158 601-609
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Figure 3 Antinociceptive effect of the combined i.v. administration
of NCX-701 and gabapentin on responses to noxious mechanical
stimulation. Top panel: the reduction of responses, evoked by
noxious mechanical stimulation, observed after i.v. NCX-701 and
i.v. gabapentin when given together and separately. The combined
i.v. administration of NCX-701 and gabapentin induced a more
intense antinociceptive effect than either of the two drugs alone.
Lower panel: the isobolographic analysis, which showed that the
experimental point lies far below the additive line, indicating a sig-
nificant synergism. The calculated IDso was 72 = 18 nmol-kg™, sig-
nificantly different from the theoretical IDso (##P < 0.01, Student’s
t-test). The figure also shows the interaction index, well below 1.
Statistical analysis of the antinociceptive effect was made with the
one-way ANOVA, with the post hoc Dunnett’s test, comparing the
effect of the drugs versus their own control responses (*P < 0.05,
**P < 0.01).

the theoretical additive point calculated from the separate
IDso values. The experimental result lies far below the additive
line, indicating a significant synergism (P < 0.01). The inter-
action index, calculated as experimental IDsy/theoretical IDs,
was 0.26, which also indicates a synergistic interaction. In
wind-up responses, the combined administration of NCX-701
and gabapentin did not induce any increase in the intensity
of the effect when compared with the results observed sepa-
rately (data not shown).
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Antinociceptive effects of the combined administration of i.t.
NCX-701 and i.v. gabapentin

Because NCX-701 showed a marked antinociceptive effect
after i.t. administration, we studied whether the synergistic
effect observed with the combined i.v. administration of
NCX-701 and gabapentin was mainly located within the
spinal cord or in the periphery. However, a possible non-
specific chemical interaction between the drugs, if given
together by the same route of administration, might interfere
with their antinociceptive activity. Therefore, we studied the
possible synergistic activity derived of the combined admin-
istration of i.t. NCX-701 and i.v. gabapentin. The combined
administration of the drugs (Figure 4) induced an intense
antinociceptive action on responses to noxious mechanical
stimulation: minimal effective dose of NCX-701,
120 nmol-kg™" (P < 0.05), IDsy of 265 * 42 nmol-kg"' and
maximal effect reduced the response to 29 = 10% control
response. The isobologram showing the antinociceptive inter-
action of NCX-701 and gabapentin in responses to noxious
mechanical stimulation is shown in Figure 4. The experimen-
tal result lies far below the additive line, indicating a signifi-
cant synergism (P < 0.01). The interaction index, calculated as
experimental IDso/theoretical IDsy, was 0.56, which also indi-
cates a synergistic interaction. The inhibitory effect of NCX-
701 on wind-up responses was not increased by its combined
administration with i.v. gabapentin (data not shown).

Discussion

The first observation made in this study is that NCX-701, but
not paracetamol, is an effective antinociceptive agent in neu-
ropathic rats. Paracetamol, like other cyclooxygenase (COX)-
inhibitors, usually lacks any antinociceptive activity in
experiments performed in the normal, non-inflammatory
situation, and in neuropathy. Experiments carried out in our
laboratory, however, had previously shown that NCX-701 is
an effective antinociceptive agent in normal rats and in rats
with inflammation (Romero-Sandoval etal., 2001; 2002;
2003; 2007) but, to our knowledge, this is one of the first
studies that shows an effective antinociceptive activity of a
COX-inhibitor in animals with neuropathy. This observation
might open new perspectives for the use of NO-releasing
COX-inhibitors in neuropathic-induced sensitization. In
addition, the antinociceptive effect of NCX-701 indicates a
mechanism of action independent from that of paracetamol,
and caused by the combined action of the parent molecule
with the release of a low, but maintained, concentration of
NO (Del Soldato et al., 1999; Fiorucci, 2001; Kiss and Vizi,
2001; Romero-Sandoval et al., 2002; 2007).

The inhibitory effect of NCX-701 was related not only to
nociceptive responses to natural stimulation, but also to those
elicited by repetitive electrical stimulation. Repetitive electri-
cal stimulation induces the phenomenon of wind-up (Herrero
et al., 2000 for review), a progressive increase of nociceptive
responses from spinal cord neurones. Wind-up is mediated by
the activation of NMDA (Davies and Lodge, 1987; Dickenson
and Sullivan, 1987) and NK; receptors (De Felipe et al., 1998)
and, therefore, it is the result of the activation of central
neuronal circuitry. The depressant effect of NCX-701 on



*%

% of control
(41
?

40
30
20
10/ NCX-701it **
[J NCX-701 i.t.+Gabapentin i.v. @ Gabapentin i.v.
0 ) T T 1 T 1 i 1 1 T T 1
60 120 240 480 960 40 80 160 320 640
Dose (i.t.: pmol-kg™"; iv.: ymol-kg ™)
400

"-m Interaction index: 0.56

x 3004

©

£

32

Z 200

£

c

Q

&

2 1004

[}

()

c T T T 1 - 1
0 200 400 600 800 1000

NCX-701 i.t. (nmol-kg™")

Figure 4 Antinociceptive effect of the combined administration of
intrathecal (i.t.) NCX-701 and i.v. gabapentin on responses to
noxious mechanical stimulation. Top panel: the reduction of
responses, evoked by noxious mechanical stimulation, observed after
i.t. NCX-701 and i.v. gabapentin when given together and separately.
Similar to that seen in experiments carried out with the systemic
administration of the two drugs, the combined administration of i.t.
NCX-701 and i.v. gabapentin induced a more intense antinociceptive
effect than either of the two drugs given alone. Lower panel: the
isobolographic analysis, which showed that the effect observed with
the combination of the drugs was the result of a synergistic effect.
The calculated 1Dso was 265 * 42 nmol-kg™', significantly different
from the theoretical IDso (##P < 0.01, Student’s t-test). The interac-
tion index, well below 1, is also shown. Statistical analysis of the
antinociceptive effect was made with the one-way ANOvVA, with the
post hoc Dunnett’s test, comparing the effect of the drugs versus their
own control responses (*P < 0.05, **P < 0.01).

wind-up suggests an action located within the spinal cord,
similar to the results observed in other experimental situa-
tions (Romero-Sandoval et al., 2002; 2003). This is supported
by the fact that NCX-701, as well as paracetamol, is able to
cross the blood brain barrier and enter the central nervous
system easily (Ochs etal.,, 1985; Bannwarth etal.,, 1989;
Romero-Sandoval etal., 2007 and references within).
However, an action located in the periphery cannot be fully
rejected from only this observation. It is for this reason that
we decided to carry out some experiments studying the effect
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of NCX-701, in comparison with paracetamol, after i.t.
administration. The results of these experiments showed that
NCX-701 induced a significant reduction of nociceptive
responses evoked by either noxious mechanical stimulation
or repetitive electrical stimulation. The i.t. administration of
paracetamol, however, did not modify any of the nociceptive
responses. The depression of wind-up by NCX-701 confirms
an action in the spinal cord circuits involved in the genera-
tion of this phenomenon. On the other hand, the intensity of
the reduction of nociceptive natural responses was very
similar to that observed after i.v. administration, with an IDs,
roughly 500-fold lower, indicating that most, if not all, of the
antinociceptive effect observed after systemic administration
of NCX-701 was located in spinal cord nociceptive neurones.
These experiments also confirm that paracetamol lacks anti-
nociceptive activity at central sites in neuropathy-induced
sensitization. It is, therefore, possible to conclude that NCX-
701 is an effective depressant of nociceptive responses evoked
in neuropathic rats, and that its activity is mainly located
within the spinal cord. On the other hand, it is not possible to
deduce the mechanisms involved in this effect from the
present experiments. However, previous experiments
(Romero-Sandoval et al., 2001; 2002; 2003) have shown that
the effect is only observed after the combined administration
of paracetamol and the NO-donor molecule, therefore a com-
bination of different mechanisms of action, including those
involved in the generation of wind-up (i.e. NMDA and NK;
receptors) is likely (see Romero-Sandoval etal.,, 2007 for
further discussion).

The intensity of the antinociceptive effect of NCX-701 was
comparable to that of gabapentin, a compound with well-
known antinociceptive activity in neuropathic situations
(Tremont-Lukats ef al., 2000; Jensen, 2002 and references
within). In fact, although gabapentin showed a higher
potency after systemic administration, the effectiveness of the
reduction of nociceptive responses evoked by noxious
mechanical stimulation observed in the present experiments
was very similar for the two drugs. This also supports a pos-
sible and interesting new perspective in the treatment of
neuropathic pain with NO-donors such as NCX-701. Further-
more, apart from gabapentin, adenosine and its derivatives
may be considered as one of the very few drugs available with
an effective analgesic action in situations of neuropathy
(Sawynok and Liu, 2003; De Vry et al., 2004). The adenosine
A, receptor selective agonist N°-cyclopentyladenosine (CPA)
induces a very potent and intense inhibition of nociceptive
responses in experiments similar to those carried out in the
present study (Curros-Criado and Herrero, 2005). The anti-
nociception observed in those experiments was certainly
more potent and effective than that observed with NCX-701
or with gabapentin in the present study. However, CPA also
induced a very intense depression of blood pressure (Curros-
Criado and Herrero, 2005). This is not a new observation; it is
well known that adenosine is a potent modulator of cardio-
vascular function and produces hypotension and bradycardia
when administered systemically (Barraco et al., 1987; Evoniuk
etal., 1987). The side-effects induced by adenosine are an
important obstacle in the use of the drug and its derivatives in
patients. On the other hand, although gabapentin has a rela-
tively benign side-effect profile, it is not devoid of unwanted
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side-effects. In fact, deficits in tests of motor/ambulatory and
cognitive functions have been described (Lindner etal.,
2006). NCX-701 is a relatively new drug, not available on the
market yet, and although further research is needed to ensure
its safety, its pharmacological profile appears to be very prom-
ising (Romero-Sandoval et al., 2007 for review). It is, there-
fore, possible to conclude that NCX-701 might represent an
alternative treatment of neuropathic pain with a rather safe
side-effect profile.

Nevertheless, despite all the above comments, NCX-701
reduced nociceptive responses in the present experiments for
just a bit more than 50% of control response. This is an
important and significant effect, similar to that seen with
gabapentin, but, on the other hand, certainly not as intense
as, for example, the antinociception induced by opioids or
COX-inhibitors (including NCX-701; Romero-Sandoval et al.,
2007) in normal animals or in animals with inflammation-
induced sensitization. We, therefore, wondered if the effec-
tiveness, or at least the potency, of the antinociception
observed might be enhanced by the combined administration
of NCX-701 and gabapentin. In fact, previous experiments
carried out in our laboratory had shown that the combination
of NCX-701 and the p-opioid agonist fentanyl induced an
important enhancement of the potency, effectiveness and
duration of the antinociception, either in normal animals
with no inflammation (Gaitan et al., 2003) or in monoar-
thritic rats (Gaitan etal., 2005). The present experiments
showed that the combination of systemic NCX-701 and gaba-
pentin induced an enhancement of the depression of natural
nociceptive responses and an intense improvement of the
potency. The enhancement was more intense than that
expected by the sum of the effects of each drug when given
separately, and the results were compatible with a synergistic
action. In addition, the synergistic enhancement of the anti-
nociception was also observed after i.t. administration of
NCX-701, indicating that this effect of NCX-701 was related
to a depression of spinal cord-mediated antinociception. This
observation implies also that an intense antinociception is
observed with very low doses of NCX-701 and gabapentin.
The combination of the two drugs, in consequence, might be
very useful in the treatment of neuropathic pain, with a
reduction of the risk of unwanted side-effect because of the
low doses required to produce an effect. Furthermore,
although the elucidation of the mechanisms underlying this
synergy requires further studies, it is possible to speculate that
a functional link exists between NCX-701 (but not paraceta-
mol) and the mechanism of action of gabapentin, that is,
0.2-01 and 02-62 calcium channel subunits (Alexander et al.,
2008).

Finally, the enhancement of the inhibition of responses to
noxious mechanical stimulation was not accompanied by a
similar effect on wind-up responses. The experiments per-
formed in the present study do not provide an explanation for
this lack of effect, but it is possible to deduce that the mecha-
nism underlying the synergistic action of NCX-701 and gaba-
pentin is not related to the mechanisms responsible for
wind-up (see Herrero et al., 2000 for further discussion on this
subject).

In conclusion, NCX-701 is an effective antinociceptive
compound in situations of neuropathy-induced sensitization,
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with an action mainly located in the spinal cord. The combi-
nation of NCX-701 and gabapentin induces a synergistic
enhancement of the effectiveness and potency of the depres-
sion of nociceptive responses evoked by natural noxious
stimulation. The use of NCX-701 alone or in combination
with gabapentin might open up new and promising perspec-
tives in the treatment of neuropathic pain.

Acknowledgements

This work was supported by NicOx S.A. and by a grant from
the Spanish Ministry for Science and Technology (grant
SAF2005-06242-C03-03). MMC-C is a fellow of the University
of Alcala. We also thank Mr Lawrence Baron for English and
scientific revisions of the manuscript and Dr M Alique for her
assistance with the i.t. cannulation.

Conflict of interest

The present study was partially funded by NicOx S.A.

References

Al-Swayeh OA, Clifford RH, Del Soldato P, Moore PK (2000). A com-
parison of the anti-inflammatory and anti-nociceptive activity of
nitroaspirin and aspirin. Br ] Pharmacol 129: 343-350.

Alexander SPH, Mathie A, Peters JA (2008). Guide to receptors and
channels (GRAC), 3rd edition (2008 revision). Br ] Pharmacol 153
(Suppl. 2): S1-S209.

Bannwarth B, Netter P, Pourel J, Royer RJ, Gaucher A (1989). Clinical
pharmacokinetics of nonsteroidal anti-inflammatory drugs in
cerebrospinal fluid. Biomed Pharmacother 43: 121-126.

Barraco RA, Marcantonio DR, Phillis JW, Campbell WR (1987). The
effects of parenteral injections of adenosine and its analogs on
blood pressure and heart rate in the rat. Gen Pharmacol 18: 405-416.

Curros-Criado MM, Herrero JF (2005). The antinociceptive effects of
the systemic adenosine Al receptor agonist CPA in the absence and
in the presence of spinal cord sensitization. Pharmacol Biochem
Behav 82: 721-726.

Davies SN, Lodge D (1987). Evidence for the involvement of
N-methylaspartate receptors in ‘wind-up’ of class 2 neurons in the
dorsal horn of the rat. Brain Res 424: 402-406.

De Felipe C, Herrero JF, O’Brieny JA, Palmery JA, Doyley CA, Smith
AJH et al. (1998). Altered nociception, analgesia and aggression in
the mice lacking the substance P receptor. Nature 392: 394-397.

De Vry ], Kuhl E, Franken-Kunkel P, Eckel G (2004). Pharmacological
characterization of the chronic constriction injury model of neuro-
pathic pain. Eur ] Pharmacol 491: 137-148.

Del Soldato P, Sorrentino R, Pinto A (1999). NO-aspirins: a class of new
anti-inflammatory and antithrombotic agents. Trends Pharmacol Sci
20: 319-323.

Dickenson AH, Sullivan AF (1987). Evidence for a role of the NMDA
receptor in the frequency dependent potentiation of deep rat dorsal
horn nociceptive neurons following C fibre stimulation. Neurophar-
macology 26: 1235-1238.

Evoniuk G, Von Borstel RW, Wurtman RJ (1987). Antagonism of the
cardiovascular effects of adenosine by caffeine or 8-(p-
sulfophenyl)theophylline. | Pharmacol Exp Ther 240: 428-432.

Fiorucci S (2001). NO-releasing NSAIDs are caspase inhibitors. Trends
in Inmunology 22: 232-235.

Gaitan G, Del Soldato P, Herrero JF (2003). Low doses of nitroparac-



etamol or dexketoprofen trometamol enhance fentanyl antinocice-
ptive activity. Eur ] Pharmacol 481: 181-188.

Gaitan G, Ahuir FJ, Herrero JF (2005). Enhancement of fentanyl anti-
nociception by subeffective doses of nitroparacetamol (NCX-701)
in acute nociception and in carrageenan-induced monoarthritis.
Life Sci 77: 85-95.

Herrero JF, Cervero F (1996a). Changes in nociceptive reflex facilita-
tion during carrageenan-induced arthritis. Brain Res 717: 62-68.
Herrero JF, Cervero F (1996b). Supraspinal influences on the facilita-
tion of rat nociceptive reflexes induced by carrageenan monoarthri-

tis. Neurosci Lett 209: 21-24.

Herrero JF, Curros-Criado MM (2008). Antinociceptive effects of NCX-
701 (nitroparacetamol) in neuropathic rats. Enhancement of anti-
nociception by co-administration with gabapentin. 38th Annual
Meeting, Society for Neuroscience, Washintong DC. Program No.
773.12/NN6.

Herrero JF, Headley PM (1991). The effects of sham and full spinaliza-
tion on the systemic potency of u- and k-opioids on spinal nocice-
ptive reflexes in rats. Br ] Pharmacol 104: 166-170.

Herrero JF, Laird JMA, Lopez-Garcia JA (2000). Wind-up of spinal cord
neurons and pain sensation: much ado about something? Prog
Neurobiol 61: 169-203.

Jensen TS (2002). Anticonvulsants in neuropathic pain: rationale and
clinical evidence. Eur J Pain 6 (Suppl. A): 61-68.

Kiss JP, Vizi ES (2001). Nitric oxide: a novel link between synaptic and
nonsynaptic transmission. Trends Neurosci 24: 211-215.

Lindner MD, Bourin C, Chen P, McElroy JF, Leet JE, Hogan B et al.
(2006). Adverse effects of gabapentin and lack of anti-allodynic
efficacy of amitriptyline in the streptozotocin model of painful
diabetic neuropathy. Exp Clin Psychopharmacol 14: 42-51.

Moulin DE, Clark AJ, Gilron I, Ware MA, Watson CP, Sessle BJ et al.
(2007). Pharmacological management of chronic neuropathic pain
— consensus statement and guidelines from the Canadian Pain
Society. Pain Res Manag 12: 13-21.

Ochs HR, Greenblatt DJ, Abernethy DR, Arendt RM, Gerloff ], Eich-
elkraut W et al. (1985). Cerebrospinal fluid uptake and peripheral

NCX-701 antinociception in neuropathy
MM Curros-Criado and JF Herrero 609

distribution of centrally acting drugs: relation to lipid solubility.
] Pharm Pharmacol 37: 428-431.

Romero-Sandoval A, Mazario J, Herrero JF (2001). Comparison of the
analgesic effects of paracetamol and NO-paracetamol in rat single
motor units. Inflamm Res 50: S211.

Romero-Sandoval EA, Mazario J, Howat D, Herrero JF (2002). NCX-701
(nitroparacetamol) is an effective antinociceptive agent in rat with-
drawal reflexes and wind-up. Br ] Pharmacol 135: 1556-1562.

Romero-Sandoval EA, Del Soldato P, Herrero JF (2003). The effects of
sham and full spinalization on the antinociceptive effects of NCX-
701 (nitroparacetamol) in monoarthritic rats. Neuropharmacology
45: 412-419.

Romero-Sandoval EA, Curros-Criado MM, Gaitan G, Molina C,
Herrero JF (2007). Nitroparacetamol (NCX-701) and pain: first in a
series of new analgesics. CNS Drug Rev 13: 279-295.

Sawynok J, Liu XJ (2003). Adenosine in the spinal cord and periphery:
release and regulation of pain. Prog Neurobiol 69: 313-340.

Seltzer Z, Dubner R, Shir Y (1990). A novel behavioural model of
neuropathic pain disorders produced in rats by partial sciatic nerve
injury. Pain 43: 205-218.

Solano RE, Herrero JF (1997). Cutaneous responsiveness of rat single
motor units activated by natural stimulation. ] Neurosci Methods 73:
135-140.

Tallarida RJ (2001). Drug synergism: its detection and applications.
J Pharmacol Exp Ther 298: 865-872.

Tallarida RJ, Porreca F, Cowan A (1989). Statistical analysis of drug-
drug and site-site interactions with isobolograms. Life Sci 45: 947-
961.

Tremont-Lukats IW, Megeff C, Backonja MM (2000). Anticonvulsants
for neuropathic pain syndromes: mechanisms of action and place
in therapy. Drugs 60: 1029-1052.

Wallace JL, Del Soldato P, Cirino G, Muscara MN (1999). Nitric oxide-
releasing NSAIDs: GI-safe antithrombotics. Idrugs 2: 321-326.

Yaksh TL, Rudy TA (1976). An improved method for chronic catheter-
ization of the rat spinal subarachnoid space. Physiol Behav 17: 1031-
1036.

British Journal of Pharmacology (2009) 158 601-609



