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Abstract

To test the involvement of NMDA receptor in the development of physical dependence on opioid, the effects of an antisense
oligonucleotide against NMDA receptors on the naloxone precipitated withdrawal from morphine were studied. Antisense oligonucleotide
Ž .15 nmolr5 ml corresponding to the nucleotides 4–21 of rat NMDA-R1 subunit, sense oligonucleotide, or saline was injected into the

Ž . Žlateral ventricle of rats every 12 h for 6 days. On day 4, the rats were intracerebroventricularly i.c.v. infused with morphine 26 nmol
y1 y1.ml h through osmotic minipumps. Rats then received simultaneous treatment with morphine and oligonucleotides or saline for 3

days. Antisense oligonucleotide, but not saline or sense oligonucleotide, significantly attenuated naloxone precipitated withdrawal signs
including jumping, rearing, stretching, teeth chattering, vocalization, and penis licking. Treatment with antisense oligonucleotide, but not

w3 x �w 3 xŽ . Ž .sense oligonucleotide, significantly reduced the B of H MK801 3- H q -5-methyl-10,11-dihydro-5H-dibenzo a,d cyclohepten-max
45,10-imine binding without significant changes in K . These results support the hypothesis that NMDA receptors are involved in thed

physical dependence on opioid. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Opioid drugs are widely used in the clinical manage-
ment of pain. One of major unwanted properties of opioids
is their ability to produce physical dependence upon fre-
quent and chronic administration. Recently, the excitatory
amino acid system has been implicated in opioid depen-
dence and withdrawal. Microdialysis studies have shown a
dramatic increased release of glutamate within the pontine

Žlocus coeruleus during withdrawal from morphine Agha-
.janian et al., 1994; Zhang et al., 1994 or butorphanol

Ž .Feng et al., 1995; Hoshi et al., 1996 . Furthermore, direct
Ž .intracerebroventricular i.c.v. or locus coeruleus injection

of glutamate dose-dependently induced withdrawal signs
Ž .in opioid-dependent animals Tokuyama et al., 1996, 1998 .

Ž .The N-methyl-D-aspartate NMDA subtype glutamate re-
ceptors are widely distributed in the mammalian central
nerve system and are important in a variety of synaptic
plasticity phenomena, including long-term potentiation
Ž .Collingridge and Bliss, 1987 . Numerous behavioral stud-

) Corresponding author. Tel.: q1-601-984-1600; fax: q1-601-984-
1637.

ies have shown that NMDA receptor antagonists can atten-
uate the expression and development of physical depen-
dence on opioids. Ketamine, dextromethorphan
Ž . wŽ .Koyuncuoglu et al., 1990 and MK801 q -5-methyl-

Ž . x10,11-dihydro-5H-dibenzo a,d cyclohepten-5,10-imine
ŽRasmussen et al., 1991; Tanganelli et al., 1991; Koyun-
cuoglu et al., 1992; Cappendijk et al., 1993; Tokuyama et

.al., 1996 , all noncompetitive NMDA receptor antagonists,
ŽŽ .and L Y 274614 q -6-phosphonom ethyl-de -

. Žcahydroisoquinoline-3-carboxylic acid Rasmussen et al.,
.1991 , a competitive NMDA receptor antagonist, have

been reported to attenuate signs of naloxone precipitated
withdrawal syndrome in morphine dependent animals when
they were administered immediately before naloxone. It
has also been shown that MK801 inhibited signs of nalox-
one precipitated opioid withdrawal when co-administered
with morphine during the development of physical depen-

Ždence Trujillo and Akil, 1991; Fundytus and Coderre,
.1994 . However, these NMDA receptor antagonists have

side-effects. MK801 has been reported to produce a phen-
Ž .cyclidine PCP -like behavioral syndrome at moderate

Ždoses, and stereotypy and ataxia at high doses Hiramatsu
.et al., 1989; Tricklebank et al., 1989 . Competitive NMDA
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receptor antagonists such as LY274614 induce mild to
Ž .moderate sedation Rasmussen et al., 1991 . These side

effects are suspected to overshadow the signs of opioid
Ž .withdrawal Trujillo and Akil, 1995 .

Studies based on molecular cloning have demonstrated
that NMDA receptor complexes are made up of various
combinations of subunits. All NMDA receptors contain at

Ž .least one obligatory NMDA-R1 NR1 subunit which is
combined with one or more kinds of NMDA-R2 subunits
Ž . Ž .NR2A-D Monyer et al., 1992; Nakanishi, 1992 . In the
in vitro experiments, NR1 subunits can form a homo-
oligomeric structure which has channel activity, whereas
NR2 subunits produce functional receptors only when they

Žare coexpressed with NR1 Monyer et al., 1992; Nakan-
.ishi, 1992; Kutsuwada et al., 1992 . An 18-mer antisense

oligodeoxynucleotide corresponding to nucleotides 4–21
of the NR1 subunit mRNA, which directly follows the
translation initiation codon, has been reported to effec-
tively downregulate the NMDA receptors in the rat brain
Ž .Wahlestedt et al., 1993 . Using this antisense oligonucleo-
tide strategy, the involvement of NMDA receptors in the
development of morphine dependence was investigated in
this paper.

2. Materials and methods

2.1. Surgical procedures

ŽAdult male Sprague–Dawley rats Harlan Sprague–
.Dawley, Indianapolis, IN, USA weighing 250–275 g were
Žanesthetized with Equithensin 4.25 g chloral hydrate, 2.23

g MgSO P7H O, 0.972 g sodium pentobarbital, 44.4 ml4 2

propylene glycol, 10 ml 95% ethanol, and distilled water
.to make a final volume of 100 ml , 0.3 mlr100 g body

weight, i.p., and then fixed in a stereotaxic apparatus. A
Ž .stainless steel guide cannula 21 gauge, 1 cm long was

Žimplanted into the right lateral cerebral ventricle AP:
. Žy0.5 mm, LAT: q1.3 mm, and DV: y4.5 mm Paxinos

.and Watson, 1986 . The presence of cerebrospinal fluid in
the guide cannula was examined as verification of proper

Žplacement. Dental acrylic cement Lang Dental MFG,
.Wheeling, IL, USA was applied to the surface of the

skull, and a protective aluminum cap was placed around
Žthe cannula and anchored by three screws. A stylet 26

.gauge stainless steel tubing was placed into the guide
cannula to allow the cannula to maintain patent. After
surgery, rats were given 300 000 units of procaine peni-
cillin G, s.c., to prevent infection, and were allowed at
least a week to recover.

2.2. Administration schedule

NMDA-R1 antisense oligonucleotide and sense oligo-
nucleotide, corresponding to nucleotides 4–21 of NR1

mRNA, were synthesized by Midland Certified Reagent
Ž .Midland, TX, USA . The 18-mer NMDA-R1 antisense
oligonucleotide has the sequence: 5X-CAGCAGGTG-
CATGGTGCT-3X, with the phosphorothioate substitution

Ž .on the two end base pairs Soltesz et al., 1994 .
After 7 days of recovery, a solution of the NMDA-R1

antisense oligonucleotide or corresponding sense oligo-
Ž .nucleotide or vehicle saline was injected i.c.v. through a

hand-held microliter syringe in a dose of 15 nmolr5 ml.
Injections were made at 09:00 and 21:00 for 6 days. In the
morning of day 4, under halothane anesthesia, rats were

Žimplanted s.c. with osmotic minipumps Alzet 2001, Alza,
.Palo Alto, CA, USA filling with morphine sulfate solution

Ž y1 y1.26 nmol ml h between the scapulae. Before intro-
duction into the pump, morphine solution was passed

Žthrough 0.2 mm sterile Acrodisk filters Gelman Science,
.Ann Arbor, MI, USA . The minipumps were primed

overnight at 358C in sterile saline so that the nominal flow
Ž y1 .rate 1 ml h was attained. An ‘L’-shaped stainless steel

Ž .injector tubing 26-gauge, 2 cm long was placed into the
i.c.v. guide cannula. The external end of the injector tubing

Žwas connected with a 2-cm length of Tygon tubing 0.38
.mm inner diameter . Oligonucleotides or saline were in-

jected i.c.v. through this Tygon tubing. Another piece of
2-cm Tygon tubing was connected with the outlet of the
minipump. The two pieces of Tygon tubing were con-
nected by a 26-gauge steel wire, which was unplugged
when drug was to be injected. Rats then received simulta-
neous treatment with morphine and oligonucleotides or
saline from day 4 to day 6. According to previous studies
Ž .Horan and Ho, 1991 , the dose and period of morphine
infusion can successfully produce physical dependence on
morphine.

2.3. BehaÕioral assessment

In the morning of day 7, the connecting tube between
the i.c.v. cannula and the outlet of the minipump was
disconnected. Two hours following termination of mor-

Ž .phine infusion, naloxone 48 nmolr5 ml was injected
i.c.v. by means of a hand-held microliter syringe. Nine
behaviors identified as characteristics of the rat opioid
withdrawal syndrome were assessed in this study. The
absolute frequency of six episodic behaviors was recorded

Žand scored based on multiples of five incidents 0sno
incidents; 1s1–5 incidents; 2s6–10 incidents; and 3

.s)10 incidents . Behaviors scored in this manner in-
Ž .cluded: jumping escape behaviors , rearing, wet dog

shakes, teeth chattering, scratching, and stretching. Three
Ž .behaviors diarrhea, penis-licking, and vocalization could

not be defined in discrete episodes, and were recorded in
an all-or-none manner. These withdrawal signs were
recorded during a 30-min period after naloxone injection.
The reactions of each animal were videotaped and evalu-
ated by an independent observer who did not have prior
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knowledge of the nature of the treatment received by the
animal.

[3 ]2.4. Tissue preparations and H MK801 binding assay

After the behavioral tests, the rats were sacrificed by
decapitation. The frontal cortex was isolated from the
brain. Neuronal membranes were prepared as described by

Ž .Ebert et al. 1991 . Briefly, tissue was homogenized in 10
ml of ice-cold 0.32 M sucrose using a Kinematica Polytron
Ž .Brinkmann, Luzern, Switzerland at low speed. The ho-
mogenate was centrifuged at 1000=g for 10 min at 48C.
The pellets were discarded and the supernatants were
centrifuged at 48C for 20 min at 20 000=g. The pellets
were suspended in ice-cold distilled water and centrifuged
at 8000=g for 20 min at 48C. The supernatants and
‘buffy coats’ were collected and centrifuged at 48 000=g
for 20 min at 48C. The last step was repeated twice in
order to wash out endogenous glutamate. The final pellets

Ž .were suspended in 5 mM Tris–HCl buffer pH 7.4 and
stored at y708C until used.

w3 x Ž y1H MK801 specific activity 23.9 Ci mmol , DuPont-
.NEN, Boston, MA, USA binding to extensively washed

neuronal membranes was performed as described by Ebert
Ž .et al. 1991 . The membranes were thawed at room tem-

perature and suspended in 15 ml of 5 mM Tris–HCl buffer
with a sonicator and centrifuged at 48 000=g for 20 min.

w3 xThis washing procedure was repeated twice. H MK801
binding was carried out in a final volume of 1 ml 5 mM
Tris–HCl buffer containing 200 mg of membrane protein,
30 mM glutamate and 1 mM glycine. Six different concen-

w3 xtrations of H MK801 ranging from 1 to 20 nM were
w3 xused. Nonspecific binding of H MK801 to the NMDA

receptors was determined in the presence of 100 mM
unlabeled MK801. Following 4 h of incubation at 258C,
the samples were filtered through Whatman GFrB filters
presoaked in 0.1% polyethylenimine for 1 h using a 24-well
Brandel cell harvester. The filters were then washed twice
with 5 ml cold Tris–HCl buffer and transferred to scintilla-
tion vials. Radioactivity was measured by a liquid scintilla-
tion counter, using 10 ml Ultima Gold liquid scintillation
cocktail, at a counting efficiency of approximately 56%.

Ž .Dissociation constants K and maximal numbers of bind-d
Ž .ing sites B were obtained from LIGAND computermax

program. Protein concentrations were determined as de-
Ž .scribed by Lowry et al. 1951 .

2.5. Statistics

Scores of behaviors defined in discrete episodes were
analyzed by the nonparametric Kruskal–Wallis and Dunn

Ž .test. Quantal all-or-none behavioral data were analyzed
by the chi-square test and the Bonferroni inequality to
adjust the P values. For the receptor binding study, the Kd

Fig. 1. Effects of i.c.v. administration of NMDA-R1 antisense oligonucleotide on the naloxone precipitated withdrawal signs from morphine. Rats received
Ž . Ž . Ž .i.c.v. injection of NMDA-R1 antisense oligonucleotide AS , saline Sal , or sense oligonucleotide Sense from day 1 to day 6 and received i.c.v. infusion

Ž y1 y1. Ž .of morphine Mor, 26 nmol ml h from day 4 to day 6. On day 7, rats received i.c.v. injection of naloxone 48 nmolr5 ml 2 h following termination
of morphine infusion. Withdrawal behaviors were scored during a 30-min period after naloxone injection. Data are presented as mean. NMDA-R1
antisense oligonucleotide significantly decreased the intensity of jumping, rearing, teeth chattering, and stretching over that of saline and sense controls.
aP-0.05, Kruskal–Wallis test and Dunn test.
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Table 1
Effects of i.c.v. administration of NMDA-R1 antisense oligonucleotide on
the naloxone precipitated withdrawal behaviors from morphine

Ž . Ž . Ž .Saline ns14 Antisense ns9 Sense ns6
aPenis licking 11r14 1r9 5r6
bVocalization 10r14 1r9 4r6

Diarrhea 3r14 0r9 1r6

Quantal data from the behavioral studies. Rats received i.c.v. injection of
NMDA-R1 antisense oligonucleotide, saline or sense oligonucleotide

Žfrom day 1 to day 6 and received i.c.v. infusion of morphine 26 nmol
y1 y1.ml h from day 4 to day 6. On day 7, rats received i.c.v. injection of

Ž .naloxone 48 nmolr5 ml 2 h following termination of morphine infu-
sion. Withdrawal behaviors were recorded during a 30-min period after
naloxone injection.

ŽData are presented as fractions the number of rats showing positive signs
. a bover the total number of rats tested . P -0.05, P -0.01, significantly

different from both saline and sense groups as analyzed by chi-square
tests.

and B were analyzed by one-way analysis of variancemax
Ž .ANOVA and Bonferroni t-tests. Significance was set at
P-0.05.

3. Results

Fig. 1 and Table 1 show the effects of treatment of
NMDA-R1 antisense oligonucleotide on the naloxone pre-
cipitated withdrawal signs from morphine. Pretreatment
with the NMDA-R1 antisense oligonucleotide attenuated,
but not abolished certain behavioral signs. In detail,
NMDA-R1 antisense oligonucleotide significantly de-
creased the intensity of jumping, rearing, teeth chattering,

Žand stretching over the saline treated morphine group Fig.
.1 . Although the results did not reach statistical signifi-

cance, fewer wet dog shakes and scratching behaviors
occurred in the antisense oligonuceotide treated rats com-
pared to the controls. There was no significant difference
between the saline treated morphine group and the sense

Ž 2oligonucleotide treated morphine group. Penis licking x

. Ž 2s7.471, P-0.01 and vocalization x s6.565, P-
.0.05 were also significantly inhibited by NMDA-R1 anti-

Table 2
Effects of i.c.v. administration of NMDA-R1 antisense oligonucleotide on
w3 xH MK801 binding to the membranes of the frontal cortex

Antisense Saline Sense
Ž . Ž . Ž .ns9 ns14 ns6

y1 aŽ .B pmol mg protein 1.51"0.05 1.74"0.06 1.75"0.10max
Ž .K nM 1.30"0.09 1.43"0.10 1.21"0.09d

Rats received i.c.v. injection of NMDA-R1 antisense oligonucleotide in a
w3 xdose of 15 nmolr5 ml every 12 h for 6 days. H MK801 binding to

membranes of the frontal cortex was performed as described in Section 2.
Ž . Ž .Dissociation constant K and maximal number of binding sites Bd max

were obtained from Scatchard analysis. Data represent mean"S.E.M.
aSignificantly different from both saline and sense groups, P -0.05.

Žsense oligonucleotide but not sense oligonucleotide Table
.1 .

To examine whether the NMDA receptors were down-
regulated by the NMDA-R1 antisense oligonucleotide

w3 xtreatment, H MK801 binding to the membranes of the
Ž .frontal cortex was performed. The receptor density Bmax

for NMDA-R1 antisense treated rats was significantly
Ž Ž . .reduced F 2,28 s3.66, P-0.05, ANOVA compared

with that from either saline or sense controls. There were
w3 xno significant differences in K of H MK801 bindingd

Ž .among the groups Table 2 .

4. Discussion

The NMDA receptors have been proposed to play a role
in physical dependence on opioids. Systemic administra-
tion of NMDA receptor antagonists have been shown to
inhibit the expression and development of opioid depen-

Ž .dence for review see Trujillo and Akil, 1995 . However,
behavioral side effects such as sedation and ataxia have
been found with several classes of NMDA receptor antago-

Žnists Hiramatsu et al., 1989; Tricklebank et al., 1989;
.Rasmussen et al., 1991 . Therefore, the inhibitory effects

of the NMDA receptor antagonists on the opioid depen-
dence are suspected to be due to ‘behavioral competition’
Ž .Trujillo and Akil, 1995 .

In this study we used antisense oligonucleotide as a
pharmacological tool to selectively inhibit the expression
of the NMDA receptors. Partial phosphorothioate modified

Žoligonucleotides phosphorothioates on the end, phospho-
.diesters in the middle were used in this study in order to

resist nuclease degradation and reduce nonspecific neuro-
Žtoxicity Krieg, 1993; Thierry and Dritschilo, 1992; Hooper

.et al., 1994 . The sequence of the NMDA-R1 antisense
oligonucleotide was identical with the NMDA-R1rc of the

Ž .Wahlestedt et al. 1993 . Both in vivo and in vitro experi-
ments by Wahlestedt et al. have shown that treatment with
the NMDA receptor antisense oligonucleotide did not af-
fect the binding sites of ligands that are unrelated to the
NMDA receptor, indicating the specificity of the antisense
for the NMDA receptor. Moreover, it has been reported
that administration of similar NMDA-R1 antisense
oligodeoxynucleotide did not alter motor functions of the

Ž .rats Sun and Faden, 1995 . In the present study, we
observed that i.c.v. administration of the NMDA receptor
antisense oligonucleotide, but not sense oligonucleotide,
significantly attenuated certain morphine withdrawal signs
including jumping, rearing, teeth chattering, stretching,
vocalization, and penis licking. These results support the
hypothesis that the NMDA receptors are involved in the
development of morphine dependence.

The effects of NMDA-R1 antisense oligonucleotide on
the NMDA receptor protein synthesis were examined by
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w3 xH MK801 binding. MK801 has high affinity for the
Žactivated state of the NMDA receptor ion channel Kemp

.et al., 1987; Ransom and Stec, 1988 and the NR1 subunit
Žis believed to be essential for channel activity Monyer et

.al., 1992; Nakanishi, 1992; Kutsuwada et al., 1992 . The
reason why the frontal cortex was selected is to make our

Žresults comparable with the previous studies Wahlestedt
.et al., 1993; Zapata et al., 1997 . The binding study

showed that treatment with NMDA-R1 antisense oligo-
nucleotide, but not sense oligonucleotide, resulted in a

w3 xsignificant reduction in the B of H MK801 bindingmax

without significant change in K . These results are consis-d

tent with our conclusion that the behavioral effects of the
NMDA receptor antisense oligonucleotide do result from
the downregulation of the NMDA receptors by antisense
oligonucleotide. The disproportion between dramatic
change in behavior and modest reduction in receptor bind-
ing has been reported in several studies using antisense

Ž .oligonucleotides Standaert et al., 1996; Zhou et al., 1994 .
It is possible that antisense oligonucleotide may inhibit the
synthesis of a small pool of functional receptors at synap-
tic sites which has rapid turn over rate, but not affects the
pool of extrasynaptic receptors which turns over more

Ž .slowly Standaert et al., 1996; Zhou et al., 1994 .
The mechanism underlying the inhibitory effects of

NMDA receptor antisense oligonucleotide and NMDA re-
ceptor antagonists on the opioid dependence is unknown.
Activation of NMDA receptors leads to the opening of the
receptor-gated ion channels, which allows calcium to enter
the neuron. The entry of calcium then has the ability to
participate in numerous intracellular processes, including

Žactivation of protein kinase for review see Wroblewski
.and Danysz, 1989 . It has been reported that chronic

opioid treatment increased the activity of cAMP-dependent
Ž .protein kinase A Nestler, 1992 and protein kinase C

Ž .Narita et al., 1994; Tokuyama et al., 1995 , and increased
Žsynaptosomal calcium accumulation Harris et al., 1977;

.Yamamoto et al., 1978; Guerrero-Munoz et al., 1979 .
Thus, the possible mechanisms underlying the effects of
NMDA receptor antagonists and NMDA receptor antisense
are that they prevent changes in the second messenger
systems during the development of opioid dependence.

In conclusion, i.c.v. injection of NMDA-R1 antisense
oligonucleotide attenuated several withdrawal signs from
morphine. Repeated antisense administration significantly
downregulated the NMDA receptors. These results sup-
ported the hypothesis that the brain NMDA receptors are
involved in the development of opioid dependence.
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