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ABSTRACT

The effect of NMDA (N-methyl-D-aspartate) receptor antagonists on toler-
ance to morphine antinociception was investigated in mice. Daily subcutaneous
administration of 50 mg/kg of morphine hydrochloride for three days induced
tolerance to different (3,6 and 9 mg/kg) test doses of morphine. The tolerance
obtained was decreased by pretreatment of animals with single or repeated doses
of competitive NMDA receptor antagonists D-(-)-2-amino-5-phosphonovaleric
acid (DAPS; 0.1-0.3 mg/kg) and D-(-)-2-amino-7-phosphonoheptanoic acid
(DAP7; 0.1-0.3 mg/kg).

Tolerance to morphine response was also obtained 7, 14, 21 and 30 days
after unilateral sciatic nerve ligation. Single or repeated doses (0.2 mg/kg) of
DAPS or DAP7 increased the antinociceptive response induced by morphine (9
mg/kg) in the nerve ligated animals. We report that these agents attenuate the
development of morphine tolerance, and increase the antinociceptive effect of
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morphine on sciatic neuropathic pain in mice.

MUJIRI, Vol. 15, No. 1, 41-47, 2001.

INTRODUCTION

Opiate drugs such as morphine are widely used in the
clinical management of pain. Onemajor problem in the use
of opiate analgesic drugs is the development of tolerance
during their administration. The lack of efficacy against neu-
ropathic pain, produced by diseases or damage to the ner-
vous system, not only reduces their effectiveness but also
complicates the management of patients with persistent
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pain.'® Both laboratory animals®*?%?” and humans’ can show
the development of tolerance and lack of effectiveness to
morphine analgesia.

In addition, nerve damage that affects peripheral nerves
leads to abnormal pain states referred to as neuropathic
pain. The well-established animal model of peripheral
mononeuropathy produced by persistent moderate constric-
tion of the common sciatic nerve, has been studied exten-
sively.'>!” The excitatory amino acids have been suggested
to be involved in endogenous pain inhibitory
mechanism(s).2 Excitatory amino acid systems exert a wide
variety of pharmacological etfects. In particular, the NMDA
receptor may be involved in neural development, long-term
potentiation, kindling, learning, and memory.*
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Fig. 1. Comparison of antinociception in non-tolerant and toler-
ant mice to morphine. Mice were administered morphine 50 mg/
kg daily for a period of three days in order to develop tolerance
to morphine antinociception. Non-tolerant animals received only
dailyadministration of salineinstead of morphine injection. Non-
tolerant or tolerant animals were injected subcutaneously (s.c.)
with test doses of morphine; 3 (graph A), 6 (graph B) or 9 mg/kg
(graph C). Each point is mean + SEM of 8 animals. *p<0.01,
**p<0.001, different from the non-tolerant group.

It has been suggested that the NMDA receptors play a
major role in the development of morphine tolerance.? In-
hibition of morphine tolerance and dependence by NMDA
receptor antagonists has been shown.? NMDA antagonists
have also been shown to attenuate mechanical allodynia in
some animal models of nerve injury;?' therefore, EAA an-
tagonists may provide a new treatment application.

In the present study we examined the effect of the spe-
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Fig. 2. Effects of NMDA receptor antagonists on non-toler-
ant mice. The non-tolerant animals were treated (s.c.) with
saline (10 mL/kg), DAPS or DAP7 (0.2 mg/kg) 30 min prior
to test doses of 3 or 9 mg/kg of morphine. Antinociception
was recorded 30 min. after morphine injection. Each point is
mean + SEM of 7 animals.

cific NMDA antagonist DAP5 and DAP7 on the develop-
ment of morphine tolerance, and effectiveness of the opioid
drug on neuropathic pain.

MATERIAL AND METHODS

Subjects

Male adult albino mice (weighing 20-25g at the begin-
ning of experiments) were used in the experiments. The
animals were housed in groups of 10 in conditions of con-
stanttemperature (2 1+2°C) and a light controlledroom (light
period, 07:00-19:00). Animals had free access to food and
water except during the experiments. Each animal was used
only once, and was euthanized immediately after experi-
ments.

Surgical procedure for nerve ligation

The animals were anesthetized with ether. After an ad-
equate depth of anesthesia was verified by lack of response
to tail pinch, an incision was made from the right sciatic
notchto the distal thigh. The subcutaneous tissue was bluntly
dissected underthe skin to expose the biceps femoris muscle,
a cut was made into the muscle at the sciatic notch, then the
muscle fibers were bluntly spread, and a 2-3 mmlongnerve
segment was then dissected. One ligature (fine metal wire)
was made around the dissected nerve. Mice in sham opera-
tion groups underwent the same surgical procedures except
for sciatic nerve ligation. All animalsreceived cephalexin pow-
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Fig. 3. Effect of sciatic nerve-ligation on morphine antinociception in mice. Animals were either sham-
operated or unilateral nerve ligated (on the right sciatic) and antinociceptive response of a test dose of
morphine (9 mg/kg, s.c.) was tested 3, 7, 14, 21 and 30 days after ligation. Each point is mean + SEM of
7 animals. All points are significant with sham-operated animals except for the effect of morphine 3 days

after ligation and 60 min after morphine injection.

der at the site of nerve ligation, in order to prevent in-
fection.

Development of tolerance to morphine

Tolerance was achieved as we previously described.:26.27
Mice were treated subcutaneously (s.c.) with a daily dose
of morphine (50 mg/kg) for 3 days. To assess the degree of
tolerance, the antinociceptive response to different test doses
of morphine (3,6 and 9 mg/kg) was measured on the 4th
day (a day after the last morphine injection).

Tail-flick assay

A day after tolerance induction, and on day 3, 7, 14, 21
and 30 after nerve ligation of animals, the antinociception
of test doses of morphine was measured.

Antinociception was determined in the tail-flick test,
wherein noxious stimulation is effected by a beam ofhigh
intensity light focused on the animal’s tail with a tail-flick
apparatus (model 812, Hugo Sachs Electronic, Germany).
The mean response of latency period before the drug ad-
ministration was 2-3 sec. in non-tolerant and 1-2 sec. in
tolerant or ligated animals. A 10 sec. cut off was imposed
to avoid excessive tissue damage.

Drugs

The following drugs were used: D-(-)-2-amino-5-
phosphonovaleric acid (DAPS) and D-(-)-2-amino-7-
phosphonoheptanoic acid (DAP7) (Institute of Physi-
ologically Active Compounds, Russia), morphine hydro-
chloride (T & H Smith Ltd, England), and diethylether
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(Merck, Germany). DAPS5, DAP7 and morphine were
dissolved in saline and were administered subcutane-
ously. The drugs were prepared immediately before use
and were administered in a volume of 10 mL/kg.

Drug treatment

Animals in experiment 1 received a subcutaneous (s.c.)
injection of morphine (50 mg/kg) once daily for three days,
in order to induce tolerance to morphine antinociception, and
the antinociceptive response of the test doses of opioid (3, 6
and 9 mg/kg) was measured by tail flick tested onthe 4th day.

Animals in experiment 2 received daily DAP5 or DAP7
(0.1, 0.2and 0.3 mg/kg) 30 min before a dailydose of mor-
phine 50 mg/kg (during induction oftolerance to morphine)
and a test dose of morphine (9 mg/kg) was tested on the 4th
day.

Animals in experiment 3 received normal saline for three
days instead of morphine, and on the 4th day (30 min prior
to test doses of morphine; 3, 6 and 9 mg/kg) either DAPS
or DAP7 (0.2 mg/kg; s.c.) was injected and the response of
the test doses of morphine was recorded 30 min after the
opioid administration.

Animals in experiment 4 (to test the effect of morphine
on nerve-ligation) were sciatic nerve-ligated and the
antinociceptive response of morphine (9 mg/kg, s.c.) was
tested 7, 14, 21 and 30 days after ligation.

Animals in experiment 5 were sciatic nerve-ligated and
the antinociceptive response of morphine (9 mg/kg, s.c.)
was tested in intact animals, sham-operated or 14 days af-
ter nerve-ligation.
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Fig. 4. Effectof NMDA receptor antagonists on tolerance induced by sciatic nerve-
ligation. Intact mice (Nor), Sham-operated (SH) or nerve-ligated animals (NL)
were treated (s.c.) with saline (SAL), DAPS or DAP7 and antinociception of a test
dose of morphine (9 mg/kg) was tested 14 days after nerve ligasion Antinociception
was recorded 30 (A), 45 (B) and 60 min (C) after morphine adminstration. Each
point is mean + SEM of 7 animals.

*p<0.05, #*¥p<0.01, #***p<0.001, different from the nerve ligated-group.
*p<0.001, different from sham-operated or intact animals.
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Statistical analysis

Analysis of variance (ANOVA) followed by Newman-
Keul’s test were used to evaluate the significance of the
results. A value of p<0.05 was considered significant.

RESULTS

Induction of tolerance to morphine

Daily subcutaneous (s.c.) administration of morphine
hydrochloride (50 mg/kg) for three daysresulted in the de-
velopment of tolerance. Antinociception of test doses of
morphine (3, 6 and 9 mg/kg) was recorded on the 4th day
after drug injection (24 h after the last dose of morphine).
The antinociceptive effect to test doses of 3 mg/kg [F(7,
56)=25.7,p<0.0001)], 6 mg/kg [F(7, 56)=40.9, p<0.0001)]
and 9 mg/kg [F(7, 56)=193.8, p<0.0001)] of morphine was
significantly decreased in tolerant mice (Fig. 1).

Effects of NMDA receptor antagonists on morphine-in-
duced tolerance

Tablel indicates the time course of development of mor-
phine tolerance in the presence or absence of NMDA re-
ceptor antagonists. The animals were treated with daily
doses of 50 mg/kg of morphine for three days in order to
induce tolerance and were tested 24h after the last daily
dose of the opioid. In these animals, the antinociceptive
response of a test dose of 9 mg/kg of morphine was re-
duced. When animals were treated daily with DAPS or
DAP7(0.1,0.2and 0.3 mgkg) 30 min before daily doses of
morphine (50 mg/kg), tolerance to a test dose of morphine
(9 mg/kg) was reduced. The response to a test dose of mor-
phine (9 mg/kg) was also increased when animals were
administered DAPS or DAP7 (0.2 mg/kg) on the 1st, 2nd
or 3rd day of daily morphine administration (50 mg/kg) or
on the 4th day, 30 min prior to a test dose of morphine
injection. It is worth notice that tolerance was less promi-
nent when NMDA receptor antagonists were administered
on the 1st or 2nd day rather than the 3rd or 4th day. The
difference between time course response of morphine may
indicate that chronic treatment with the antagonists elicits
inore response.

Effects of NMIDA receptor antagonists on morphine
antinociception in non-tolerant mice

Animals received normal saline for three days instead
of a daily administration of morphine, and on the 4th day
(30 min before test doses of morphine; 3 and 9 mg/kg),
either DAPS5 or DAP7 (0.2 mg/kg,. s.c.) was administered
and the response of test doses of morphine was recorded.
ANOVA did not show any difference between the response
induced in saline-treated with those obtained in NMDA
receptor antagonist-treated animals, for the test doses of 3
[F(2, 18)=2.5, p>0.05] or 9 mg/kg [F(2, 18)= 3.5, p>0.05]
(Fig. 2).
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Antinociceptive effect of morphine in sciatic nerve-li-
gated mice

Fig. 3 indicates antinociception of morphine in sham-
operated and nerveligated animals. The antinociceptive re-
sponse of morphine was decreased significantly in the nerve
ligated as compared with the sham-operated animals. Con-
sistently, antinociception induced by the test dose of mor-
phine was decreased 3, 7, 14, 21 and 30 days after sciatic
nerve ligation [F(23, 168)=20.2, p<0.0001]. Further analy-
sis showed that the effect of morphine after 3 days ligation
tends to decrease 45 min and become abolished 60 min
after administration of a test dose of morphine. Animals
which had nerve ligation for 14 days, and a test dose of
morphine (9 mg/kg) were used for the rest of the experi-
ments.

Effects of NMD A receptor antagonists on morphine-in-
duced antinociception in sciatic nerve ligated animals

Fig. 4 presents the effects of DAPS and DAP7 on sham-
operated and nerve-ligated animals. ANOVA indicated a
difference between antinociception induced by a test dose
of morphine (9 mg/kg) in sham-operated and nerve-ligated
animals, 30 min [F(4, 30)= 26, p<0.0001], 45 min [F(4,
30)= 7.8, p<0.001] or 60 min [F(4, 30)= 8.7, p<0.0001]
after morphine administration. Further analysis showed that
sciatic nerve ligation reduced the antinociception of mor-
phine as compared with normal or sham-operated groups.
There was no difference between normal and sham-oper-
ated animals, moreover DAPS and DAP7 did not elicit any
effect on sham-operated animals. ANOVA also indicated a
difference between the response of a test dose of morphine
in the nerve-ligated animals whichreceived saline with those
which received single or multiple doses of DAPS, 30 min
[F(5, 36)= 2.7, p<0.05], 45 min [F(5, 36)= 3.4, p<0.05]
and 60 min [F(5, 36)= 5.8, p<0.001] after morphine injec-
tion. Further analysis showed that DAPS is capable of re-
versing nerve ligation-reduced morphine antinociception.
However, analysis showed thatresponse to DAP5 was maxi-
mally induced 45 min after morphine administration.

In the same way also reversed ligation decreased mor-
phine antinociception, 30 min [F(5, 36)=5, p<0.01], 45 min
[F(5,36)=5.7, p<0.001] and 60 min [F(5, 36)=5.2, p<0.01]
after injection of a test dose of morphine. Analysis indi-
cated that the response of DAP7 starts 15 min after mor-
phine injection.

DISCUSSION

The measurement of antinociception by the tail-flick test
may be predominantly spinally controlled®? and activation
of spinal cord NMDA receptors has been shown to be criti-
cal for tolerance to the antinociceptive effects of mor-
phine. 216182324 I the present study, the effects of NMDA
receptor antagonists on tolerance to morphine
antinociception induced by repeated administration of mor-
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phine and also the effects of the antagonists on hyperalge-
sia induced by ligation have been investigated in the tail-
flick test. Our data showed that daily administration of
morphine (50 mg/kg, subcutaneously) for a period of 3 days
to mice induced tolerance to morphine antinociception in
the tail-flick test. This is in agreement with our previous
studies.?26?7 Theresults indicate that NMDA receptor an-
tagonists decrease the development of morphine tolerance
and increased morphine antinociception in nerve ligated-
animals.

The present study indicates that low doses of competi-
tive NMDA receptor antagonists DAP5'? or DAP7" re-
duce morphine tolerance. The data are in agreement with
that obtained by others*** and may supportthe suggestion
that the NMDA receptor mechanism may have an impor-
tant role in opiate tolerance.? )

Our data also indicate that administration of the NMDA
antagonists DAP5 and DAP7, either during development
of tolerance or in the animals in which tolerance had al-
ready been acquired, increases morphine’s response. How -
ever, the response to DAP5 was maximally induced 45 min
after morphine administration, while that of DAP7 began
15 min after morphine injection. Thus it appears that the
effect of DAP7 begins earlier than DAPS, possibly due to
early absorption of the drug. The lack of increase in mor-
phine analgesia in non-tolerant mice by the NMDA recep-
tor antagonists DAPS and DAP7, which is supported by
other investigators'” may confirm this conclusion that the
antagonists increased opioid analgesia in tolerant animals
by inhibition of the development or by inhibition of the
expression of morphine tolerance, possibly-through block-
ade of NMDA receptor antagonists. Development of mor-
phine tolerance has been shown to be related to NMDA
receptor activation and subsequent intracellular changes,
and the expression of toleranceis likely due to the decreased
effectiveness of mu opioid receptors to morphine.'* The
electrophysiological link between mu receptor occupancy
and an increase in Ca*™* conductance by ion channels regu-
lated by NMDA receptors has been proposed.’ There is
also a suggestion that NMDA receptor-activated, calcium-
dependent processes may be involved in the development
of opiate tolerance.? Because of the well-described role of
calcium ions in NMDA receptor-mediated neural and
behavioural plasticity,* the possibility may exist that the
NMDA receptor antagonists DAPS and DAP7 inhibit the
development of opiate tolerance through sucha mechanism.
Whether this mechanismis involved in the response of acute
and/or subchronic administration of the antagonists requires
further experiments.

Our data also showed that sciatic nerve-ligation reduces
the antinociceptive effect of morphine. This was in agree-
ment with recent studies using an animal model of neuro-
pathic pain.'? There
nerve induces hyperalgesia in animals.!” The release of
NMDA in the presence of excitatory activity resulting from
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Table I. Effects of NMDA receptor antagonists on tolerance induced to morphine

antinociception.

Treatment Day Latency after morphine (sec)
(mg/kg) of 15 min 30 min 45 min 60 min
Treatment
Saline (10 mL/kg) 2.03+0.05 2.20+0.06 2.24+0.03 2.24+0.11
DAPS 0.1 (1,2,3rd) 3.01+£0.22 5.40+0.6 5.86+0.5* 3.67+0.34
DAPS5 0.2 (1,2,3rd) 4.16+0.61 5.88+0.88 7.4740.87**  7.27+0.80%**
DAP5 0.3 (1,2,3rd) 3.60+0.59 6.54+1.25* 6.79+0.99* 6.74+1.01%*
DAPS5 0.2 (1st) 6.39+1.31*%  7.44+1.08* 7.64+0.98**  7.37+0.76%*
(2nd) 6.76+0.77%*  8.87+0.57**  8.73+0.78**  6.86+0.73**
(3rd) 4.09+0.41 5.84+0.85 7.64+0.97**%  7.66+0.73%*
(4th) 4.60+£0.91 5.26+0.93 6.80+0.65* 6.46+0.77*
DAP7 0.1 (1,2,3rd) 3.51+0.69 5.60+0.86* 5.71+£0.72* 3.30+0.24
DAP7 0.2 (1,2,3rd) 2.9440.14 3.36+0.25 3.84+0.65 5.59+1.22%*
DAP7 0.3 (1,2,3rd) 3.754£0.57 6.00+0.79* 7.20+0.88**  9.354(0.38%**
DAP7 0.2 (Ist) 6.91+1.11%* 959+0.41**  9.33+40.49**  8.17+0.80%**
(2nd) 6.90+1.19**  7.70+£1.01**  7.90+0.64**  6.34+0.73%*
(3rd) 4.14+0.29 8.00+£0.64**  8.71+£0.41**  9.03+0.44**
(4th) 4.41+0.82 9.00+£0.45**  10.0+0.00** 9.10+0.66%**

Mice received a daily injection of 50 mg/kg of morphine subcutaneously for three days, in order to

induce tolerance to morphine. Different groups of the animals subjected to tolerance were injected

with either saline, DAPS or DAP7 on the Ist, 2nd or 3rd day or for three days 30 min prior to daily

injection of morphine (50 mg/kg) during tolerance induction, or 30 min before a test dose of morphine

(9 mg/kg). The antinociceptive response to a test dose of morphine (9 mg/kg) was recorded 15, 30, 45

and 60 min after morphine injection on the 4th day (a day after tolerance to morphine). Each value is

mean + SEM of 8 mice. *p<0.05, **p<0.01, different from control group.

nerve injury yields central sensitivity, manifested as
allodynia and hyperalgesia, and presumed development of
tolerance.5'* The reduced morphine antinociception induced
by nerve injury may share a mechanism similar to that of
morphine tolerance. The basis of interaction between
mechanisms of reduced morphine response in morphine
tolerance and nerve injury is believed to be related to com-
mon neural substrates and the site of action involvedin both
phenomena.'?

The present results showed that daily administration of
the specific NMDA receptor antagonists DAPS5 and DAP7
can increase morphine induced antinociception in neuro-
pathic animals. If reduction of the antinociceptive effect of
morphine develops in animals with nerve injury or mor-
phine tolerance results from the activation of spinal cord
NMD A receptors and consequent intracellular cascades, this
view is strongly supported by our observation that (1) both
the development of morphine tolerance and reduced mor-
phine antinociception in nerve injured mice could be pre-
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vented by daily treatment with selective NMDA receptor
antagonists, (2) three, two or even a single injection of the
NMDA antagonists prevented the development of tolerance
and reduction of morphine antinociception in nerve-injured
mice, and (3) a single injection of NMD A receptor antago-
nists in tolerant animals (on the 4th day, 30 min before a
test dose of morphine) or in neuropathic animals (on the
14th day) could increase morphine induced analgesia. It
means that the expression of morphine tolerance and neu-
ropathic pain could be reversed by a single dose of DAP5
or DAP7, and this emphasized the existence of a common
cellular and intracellular mechanism for both phenomena.
This commonality has not beén shown by other non-com-
petitive NMD A receptor antagonists'’ and the reason(s) may
be due to involvement of different subtypes of NMDA re-
ceptors. These findings would help to develop new opioid
treatment approaches for improved treatment of at least
some pathophysiological pain syndromes and opiate toler-
ance.
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