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Abstract

The present study investigated the ability of dextromethorphan, a clinically available

NMDA receptor antagonist, to attenuate the behaviors and the expression of c-fos mRNA

associated with acute morphine withdrawal in the 7-day-old rat. Rat pups were given a

single dose of morphine (10.0 mg/kg, s.c.) or saline. Two hours later, pups were removed

from the dam and injected with either dextromethorphan (50.0 mg/kg, s.c.) or saline.

Fifteen minutes later, acute morphine withdrawal was precipitated with naltrexone (10.0

mg/kg, s.c.) and behaviors were recorded every 15 seconds for the next 60 minutes.

Immediately after the behavioral test, the brain was removed and assayed for c-fos

mRNA by solution hybridization. The intensity of the morphine withdrawal syndrome

was reduced in pups pre-treated with dextromethorphan. In addition, the acute morphine

withdrawal-induced elevation in c-fos mRNA expression in the brain of the pups was

attenuated by pre-treatment of dextromethorphan. These results demonstrate that the

clinically available NMDA receptor antagonist dextromethorphan can attenuate both the

behavioral and molecular manifestations of acute morphine withdrawal in the neonatal

rat.

Theme: Neural Basis of Behavior

Topic: Drug of Abuse: Opioids and Others

Key words: c-Fos mRNA, Morphine withdrawal, Addiction, Solution hybridization,
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1. Introduction

In humans, exposure to opioids for either medical or nonmedical reasons leads to

dramatic behavioral and neural changes resulting to physical dependence [19]. Although

physical dependence is classically thought to develop after chronic exposure to opioids,

the adaptational changes underlying physical dependence begin with the first exposure to

an opioid [15,16,22]. Thus, acute opioid withdrawal refers to the withdrawal syndrome

precipitated by administration of an opioid antagonist after either a single dose or a short-

term infusion of opioid agonist [3,31].

Improvements in the short-term and long-term clinical outcomes of critically ill

neonates have led to the widespread use of opioids for analgesia and sedation.

Consequently, large numbers of neonates are now receiving progressively increasing

amounts of opioids [38,41-43]. These clinical practices have led to an increasing

incidence of opioid dependence during therapy, with consequent increases in the number

of patients showing the clinical signs of opioid withdrawal when therapy is discontinued

[41].

The acute effects of opioid withdrawal can adversely affect the infants’ alertness,

visual responsiveness, and sleep regulation [18]. In addition, because neonatal

withdrawal occurs during the period when the maternal-infant interaction patterns are

first established, withdrawal can induce far-reaching dysfunctional effects including not

only attachment but also cognitive development [18]. Since physicians are now more

likely to use opioids to manage pain in neonates and infants than in the past [41], the need

is much greater for a clearer understanding of the mechanisms of acute opioid withdrawal

in the developing organism.

There is increasing evidence that NMDA receptor antagonists inhibit opioid

withdrawal syndrome in the mature organism [19,26,32,44]. Indeed, clinically available

NMDA receptor antagonists such as memantine and dextromethorphan have been shown

in animal models to attenuate opioid withdrawal [25,27,33,35-37]. Particular encouraging

is that human subject clinical trials investigating the effect of clinically available NMDA

receptor antagonists on opioid withdrawal have obtained quite positive results

[4,5,23,24,40].

In contrast to the reports of the effectiveness of NMDA receptor antagonists in

suppressing opioid withdrawal in the adult organism, there is little data in the infant.
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Conclusions based on adult data often do not apply to the infant [47-49]. Indeed, the

withdrawal repertoire is different in the infant than that in the adult [20,46]. The neonatal

CNS is both structurally and functionally different from that of the adult, and significant

changes in opioid actions occur both prenatally and postnatally [1,2,12,30]. Finally, the

NMDA receptor, which is believed to play a crucial role in the establishment of opioid

tolerance, undergoes qualitative and quantitative changes during development [9]. Thus,

we previously examined the ability of LY235959, a competitive NMDA receptor

antagonist, to attenuate acute morphine withdrawal in the infant rat [21]. The present

study now investigates the ability of dextromethorphan, a clinically available NMDA

receptor antagonist, to attenuate the behavioral and molecular manifestations associated

with acute morphine withdrawal.
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2. Materials and methods

2.1. Subjects

All animal procedures were in accordance with the “Principles of laboratory

animal care" (NIH publication, 1996) and approved by the institutional animal care and

use committee at the Weill Medical College of Cornell University. The subjects were the

offspring of Sprague-Dawley rats. Pregnant dams were purchased on gestational day 19

or 20 (Charles River). Dams were individually housed in plastic tubs with wood chips in

a colony room maintained at 22 to 24 oC on a 12-hour light/12-hour dark photocycle with

light onset at 7 AM. The breeding colony existed in a separate room with minimal

disturbances except for normal cleaning, feeding and record keeping. Dams had Purina

Lab Chow (Purina 5012) and water available ad libitum. Pups were termed 0 days of age

upon birth. After parturition, litters were culled to 6 male pups. Pups were tattooed with

India ink [14], which was injected into one or two paws to label permanently individual

pups in each litter.

2.2. Drug treatment and behavior testing

Morphine sulfate was obtained from the National Institute on Drug Abuse

(Rockville, MD). Naltrexone and dextromethorphan were purchased from Sigma

Chemical (St. Louis, MO).

In the afternoon of the 7th postnatal day, animals were transported from the

animal facility to our laboratory in plastic tubs with wood chip bedding and placed in an

observation chamber maintained at approximately 33 oC. Pups were weighed and

assigned to 1 of 4 treatment groups (N = 15 for each group). Two groups received

morphine (10 mg/kg, s.c.) and 2 groups received saline injection. Two hours later pups

were injected with either dextromethorphan (50 mg/kg, s.c.) or saline. The order of

treatment conditions was assigned randomly within each experiment. After the drug

treatment, the pup was then placed back into the observation chamber with the remainder

of the litter (without the dam). Fifteen minutes later, naltrexone (10.0 mg/kg, s.c.) was

injected to precipitate withdrawal. The behavior of the pups was then observed for 60

minutes after the injection of naltrexone. Every 15 seconds, the behavior of the pups was

identified and recorded on a checklist (see Table 1 for definitions of behavior included in
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the checklist) by an observer who was blind to the drug and dose. The next pup was then

tested until all treatment groups were completed.

-----------------------------

Table 1 about here

-----------------------------

2.3. Tissue collection and RNA extraction

Immediately after withdrawal behavior testing, animals were sacrificed by

decapitation. Since c-fos mRNA production typically peaks approximately 15-45 minutes

following a behavioral event [52], the 1 hour exposure of the rats to morphine withdrawal

helped to insure a representative sampling of the withdrawal period.

Following CO2 narcosis and decapitation, the brain (minus cerebellum) was

removed. Each tissue was immediately homogenized and the RNA recovered using the

Trizol reagent (Life Sciences, Giathersburg, MD). Each value represents the mean of 5

RNA extracts for each tissue (N = 5).

2.4. Solution hybridization for c-fos mRNA

c-Fos mRNA levels were determined in tissue extracts of total cellular RNA using

a previously describe solution hybridization assay for c-fos mRNA [51]. A 32P-labeled

antisense riboprobe was prepared by in vitro transcription. The plasmid for the rat c-fos

riboprobe contained a 970 bp BglII-ScaI fragment [51] obtained from a full length cDNA

[8]. c-Fos riboprobe transcripts (specific activity = 6.5 X 108 dpm/µg) were applied to a

CF11 column [50,51], washed to remove unincorporated label, and eluted with TSE:

ethanol 78:22 (v/v) [TSE is 0.05 M Tris-HCl, 0.1 M sodium chloride and 0.001 M

EDAT, pH 7.0)] to obtain a single stranded ribprobe fraction free of “snap back regions”

which contribute to background in the solution hybridization assay [50]. Nonradiolabeled

mRNA “sense” standards were prepared by in vitro transcription [50] using the full

length cDNA described above [8].

Total cellular RNA was determined by UV absorbency at 260 nm. Duplicate

aliquots of each RNA sample were dried under a vacuum in 1.5 ml eppendorf tubes and

then resuspended in 30 µg of hybridization buffer (10 mM N-tris
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[hydroxymethyl]methyl-2-amino-ethanesulfonic acid, 10 mM EDTA, 0.3 M NaCl, 0.5%

SDS and pH 7.4) that also contained 150,000 dpm of riboprobe. Samples were covered

with two drops of mineral oil and hybridized at 75 oC for 4 hours. After hybridization,

300 µl solution containing a high salt buffer (0.3 M NaCl, 5 mM EDTA, and 10 mM

Tris-HCl, pH 7.5), 40 µg/ml RNase A (Worthington Biochemicals, Freehold, NJ), and 2

µg/ml RNase T1 (Calbiochem, San Diego, CA) was added and samples were incubated at

30 oC for 1 hour to digest unhybridized probe. The ribonuclease reaction was terminated

with 1 ml of 5% trichloroacetic acid (TCA) and 0.75% sodium pyrophosphate. One drop

of 0.5% BSA was added to aid precipitation. This solution was mixed and the TCA

precipitable dpms were collected onto glass microfiber filter paper (Reeves Angel

934AH, Brandel, Gaithersburg, MD) using a 24 place cell harvester (Brandel,

Gaithersburg, MD). The filter was washed three times with 5% TCA, dried under an

infra-red light and counted by liquid scintillation in 5 ml hydrofluor scintillation solution

(National Diagnostics, Manville, NJ).

The standard calibration curve for c-fos mRNA is linear from 1.95 to 250 pg of

the full length c-fos sense transcript (i.e., c-fos mRNA) with a correlation coefficient of

0.997. In ten consecutive experiments the interassay coefficient of variation averaged

7.4% and the intraassay coefficient of variation average 3.8% for duplicate aliquots of 30

different extracts.

2.5. Statistics

Withdrawal was analyzed by separate one-way analysis of variances (ANOVA)

for each withdrawal behavior followed by the Student-Newman-Keuls test for multiple

comparison tests at the 0.05 level of significance.

All c-fos mRNA expression data points from the brain were analyzed with a one-

way ANOVA with subsequent groups comparisons made using the Student-Newman-

Keuls test at the 0.05 level of significance.
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3. Results

3.1. Dextromethorphan attenuated acute morphine withdrawal behaviors

A single dose of morphine (10 mg/kg, s.c.) two hours later followed by a single

injection of naltrexone (10 mg/kg, s.c.) induced a plethora of acute morphine withdrawal

behaviors in the 7-day-old rat (Figure 1). Compared with the saline control group, the

morphine treated animals displayed significantly increased withdrawal behaviors,

including head moves, moving paws, rolling, vocalizations, walking and wall climbing.

Thus, overall, pups experiencing acute morphine withdrawal remained less quiet than the

controls. As reported earlier , the categories and intensity of these acute withdrawal

behaviors are generally comparable to those seen in withdrawal after chronic morphine

administration [20,21].

-----------------------------

Figure 1 about here

-----------------------------

Pre-treatment with 50 mg/kg dextromethorphan significantly reduced acute

morphine withdrawal behaviors in the 7-day-old rat (Figure 1, Morphine + Saline group

vs. Morphine + Dextromethorphan group). Compared with the control group that

received morphine but no dextromethorphan prior to naltrexone challenge, all withdrawal

behaviors in the dextromethorphan pre-treated pups were significantly attenuated and

quiet behavior significantly increased. Withdrawal behaviors attenuated by pre-treatment

of dextromethorphan included head moves, moving paws, rolling, vocalization, walking

and wall climbing. In contrast, pre-treatment with dextromethorphan at 50 mg/kg did not

cause any motor function impairment by itself, since pre-treatment of dextromethorphan

at this dosage did not significantly change the occurrences of behaviors in rats that did

not receive morphine treatment (Figure 1, Saline + Saline group vs. Saline +

Dextromethorphan group). Therefore, dextromethorphan’s effect in attenuating these

behaviors is specific to acute morphine withdrawal rather than any non-specific motor

effect of this compound.
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3.2 Dextromethorphan attenuated acute morphine withdrawal evoked brain c-fos mRNA

expression

In the 7-day-old rat, brain c-fos mRNA expression was significantly elevated

during acute morphine withdrawal (Figure 2). This acute morphine withdrawal induced c-

fos mRNA expression was significantly attenuated by the pre-treatment of

dextromethorphan 15 minutes prior to naltrexone injection (Figure 2). Importantly, this

attenuation was specific to the acute morphine withdrawal syndrome, since

dextromethorphan alone did not significantly alter the expression of c-fos mRNA in the

brain in 7-day-old rats that did not receive morphine treatment (Figure 2). However,

although dextromethorphan significantly attenuated acute morphine withdrawal induced

c-fos mRNA expression, c-fos mRNA expression did not return completely to baseline.

-----------------------------

Figure 2 about here

-----------------------------
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4. Discussion

Since physicians are now more likely to use opioids to manage pain in neonates

and infants than in the past [41], there are increasing concerns about the adverse effects

of acute opioid withdrawal in this population [41,42]. Due to the complexity of human

setting, animal models are necessary to better study the mechanism and potential

treatment of opioid withdrawal in human infant [1,18,49]

Recent studies by us and others have demonstrated that acute morphine

dependence can be induced by a single injection of morphine in the neonatal rat [6,21].

The present study has further confirmed that acute morphine withdrawal can be observed

after a single dose of morphine then followed by naltrexone challenge. In the 7-day-old

rat, 2 hours after morphine injection, withdrawal behaviors including head moves, paw

moves, rolling, vocalization, walking, and wall climbing were significantly increased,

and quiet behavior was decreased by naltrexone challenge precipitated acute morphine

withdrawal. In addition, c-fos mRNA expression levels were significantly increased in

the brain. Thus, like in the adult rat, acute morphine withdrawal can be induced by a

single injection of morphine in the infant rat. Based on the observations of previous

reports [6,21] and the present study, we conclude that the neonatal rat can be used as a

reliable model system of acute opioid withdrawal. The establishment of this model

system provides a stepping stone for further study of the mechanism and potential

treatment of acute opioid withdrawal in human infants.

The early discovery that NMDA receptor antagonists inhibit opioid tolerance and

withdrawal in adult rodents [28,29,44] stimulated an explosion of research on the role of

NMDA receptors in these phenomena in the following decade. As a result, the body of

evidence accumulated over the past decade suggests that various NMDA receptor

antagonists can attenuate opioid tolerance and withdrawal is overwhelming [17,26,45].

Recently, clinically available NMDA receptor antagonists such as memantine and

dextromethorphan have examined in animal models of opioid tolerance and withdrawal

[10,25,27,33,35-37]. Furthermore, human subject clinical trials investigating the effect of

clinically available NMDA receptor antagonists (memantine and dextromethorphan) on

opioid withdrawal have obtained quite positive results in both the United States [4,5,40]

and other countries [23,24].
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Dextromethorphan is a low affinity, use dependent open channel blocker [19,36].

Low affinity open channel blockers show much faster open channel/unblocking kinetics

than high affinity ligands such as MK-801. Thus the low affinity open channel blockers

can readily disassociate from channels activated by physiological concentrations of

synaptic glutamate but the block the sustained depolarizations that occur during chronic

excitotoxic conditions [7,34]. This differential effect in physiological versus pathological

conditions appears to provide a mechanism for the well establish favorable safety profile

of dextromethorphan.

The c-fos gene is expressed in the central nervous system (CNS) in response to

neuronal stimuli [39]. Naltrexone increased c-fos mRNA levels in morphine dependent

rats in several brain regions and this effect was blocked in the amygdala by pretreatment

in with MK801 or LY274614 [39]. In adult mice the dextromethorphan blocks formalin-

induced nociceptive behavior and the expression c-fos mRNA in the spinal cord [11].

Despite major progresses have been made toward the non-opioid treatment of

opioid withdrawal in the mature organism, it is not known whether these data in adults

apply to infants. The neonatal CNS is both structurally and functionally different from

that of the adult, and significant changes in opioid actions occur both prenatally and

postnatally [1,2,12,13,30]. In addition, the NMDA receptor undergoes major

developmental changes during early life [9]. Thus, conclusions based on adult date often

can not be directly applied to infants [47-49].

Therefore, using the neonatal rat as a model system, the present study examined

the clinically available NMDA receptor antagonist dextromethorphan on acute morphine

withdrawal in the developing organism. Our data clearly demonstrated that

dextromethorphan was effective in suppressing behaviors associated with acute morphine

withdrawal in the neonatal rat. Indeed, all withdrawal behaviors, including head moves,

moving paws, rolling, vocalization, walking, and wall climbing are significantly, and in

some case completely, suppressed by 50 mg/kg of dextromethorphan. Importantly,

dextromethorphan’s effect on acute morphine withdrawal is selective since in no case did

this dose of dextromethorphan alter the normal motor behavior in the 7-day-old rat.

Similarly, dextromethorphan selectively attenuated the elevation of brain c-fos mRNA

expression associated with acute morphine withdrawal in the 7-day-old rat. Thus, the
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results of the present study extended the available literature on dextromethorphan’s

ability in inhibiting acute morphine withdrawal to include the developing organism.
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5. Conclusion

The neonatal rat can be used as a model system for the study of acute opioid withdrawal

in the developing organism. Using this model system, we conclude that

dextromethorphan, a clinically available NMDA receptor antagonist, can effectively

attenuate both behavioral and biochemical manifestations of acute morphine withdrawal.

As far as we know, the present report represents the first study of the pharmacological

effects of a clinically available NMDA receptor antagonist on acute opioid withdrawal in

the developing organism.
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Table 1. Behavioral definitions.

Behavior Definition

Head Moves Lateral and rotary motions of the head

Moving Paws Continuous movement of the hindpaws without walking

Quiet Sedated appearance with no movement

Rolling Turning the body over at least one full rotation

Vocalizations Emitting an audible sound

Walking Taking more than one step forward

Wall Climbing Placing at least two forepaws on the wall of the observation chamber
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Figure Legends:

Figure 1. The effect of pre-treatment with the NMDA receptor antagonist

dextromethorphan (50 mg/kg, s.c.) on naltrexone precipitated acute morphine withdrawal

behaviors in the 7-day-old rat. Ordinate: Mean occurrences (Mean ± one S.E.M.) in 60

minutes of opioid withdrawal behaviors (definition see Table 1). Abscissa: treatment

conditions. Acute morphine withdrawal was precipitated by naltrexone (10 mg/kg, s.c.) in

all groups. +, p < 0.05 compared to the saline plus saline control group. *, p < 0.05

compared to the morphine plus saline group. For all tested behaviors, no significant

results were found between the two groups that did not receive morphine injection.

Figure 2. The effect of pre-treatment with the NMDA receptor antagonist

dextromethorphan (50 mg/kg, s.c.) on brain c-fos mRNA expression evoked by

naltrexone precipitated acute morphine withdrawal in the 7-day-old rat. Ordinate: Mean

c-fos mRNA expression (pg/µg) in the brain (Mean ± one S.E.M.). Abscissa: treatment

conditions. Acute morphine withdrawal was precipitated by naltrexone (10 mg/kg, s.c.) in

all groups. +, p < 0.05 compared to the saline plus saline control group. *, p < 0.05

compared to the morphine plus saline group. The difference of c-fos mRNA levels

between the two groups that did not receive morphine injection was not significant.



16

References

[1] Barr, G.A., Behavioral effects of opiates during development. In M.W. Miller
(Ed.), Development of the central nervous system: effects of alcohol and opiates,
Wiley-Liss, New York, 1992, pp. 221-254.

[2] Barr, G.A., Reinforcing properties of opiates during early development. In R.P.
Hammer, Jr. (Ed.), The Neurobiology of Opiates, CRC Press, Boca Raton, 1993,
pp. 63-83.

[3] Bickel, W.K., Stitzer, M.L., Liebson, I.A. and Bigelow, G.E., Acute physical
dependence in man: effects of naloxone after brief morphine exposure, J
Pharmacol Exp Ther, 244 (1988) 126-132.

[4] Bisaga, A., Comer, S.D., Ward, A.S., Popik, P., Kleber, H.D. and Fischman,
M.W., The NMDA antagonist memantine attenuates the expression of opioid
physical dependence in humans, Psychopharmacology (Berl), 157 (2001) 1-10.

[5] Bisaga, A., Gianelli, P. and Popik, P., Opiate withdrawal with dextromethorphan,
Am J Psychiatry, 154 (1997) 584.

[6] Ceger, P. and Kuhn, C.M., Opiate withdrawal in the neonatal rat: relationship to
duration of treatment and naloxone dose, Psychopharmacology (Berl), 150 (2000)
253-259.

[7] Chen, H.S., Pellegrini, J.W., Aggarwal, S.K., Lei, S.Z., Warach, S., Jensen, F.E.
and Lipton, S.A., Open-channel block of N-methyl-D-aspartate (NMDA)
responses by memantine: therapeutic advantage against NMDA receptor-
mediated neurotoxicity, J Neurosci, 12 (1992) 4427-4436.

[8] Curran, T., Gordon, M.B., Rubino, K.L. and Sambucetti, L.C., Isolation and
characterization of the c-fos(rat) cDNA and analysis of post-translational
modification in vitro, Oncogene, 2 (1987) 79-84.

[9] Dingledine, R., Borges, K., Bowie, D. and Traynelis, S.F., The glutamate receptor
ion channels, Pharmacol Rev, 51 (1999) 7-61.

[10] Elliott, K., Hynansky, A. and Inturrisi, C.E., Dextromethorphan attenuates and
reverses analgesic tolerance to morphine, Pain, 59 (1994) 361-368.

[11] Elliott, K.J., Brodsky, M., Hynansky, A.D., Foley, K.M. and Inturrisi, C.E.,
Dextromethorphan suppresses both formalin-induced nociceptive behavior and
the formalin-induced increase in spinal cord c-fos mRNA, Pain, 61 (1995) 401-
409.

[12] Fitzgerald, M., Developmental biology of inflammatory pain, Br J Anaesth, 75
(1995) 177-185.

[13] Fitzgerald, M. and Jennings, E., The postnatal development of spinal sensory
processing, Proc Natl Acad Sci U S A, 96 (1999) 7719-7722.

[14] Geller, L.M. and Geller, E.H., A simple technique for the permanent marking of
newborn albino rats, Psychol Rep, 18 (1966) 221-222.

[15] Heishman, S.J., Stitzer, M.L., Bigelow, G.E. and Liebson, I.A., Acute opioid
physical dependence in humans: effect of varying the morphine-naloxone interval.
I, J Pharmacol Exp Ther, 250 (1989) 485-491.

[16] Heishman, S.J., Stitzer, M.L., Bigelow, G.E. and Liebson, I.A., Acute opioid
physical dependence in postaddict humans: naloxone dose effects after brief
morphine exposure, J Pharmacol Exp Ther, 248 (1989) 127-134.



17

[17] Herman, B.H., Vocci, F. and Bridge, P., The effects of NMDA receptor
antagonists and nitric oxide synthase inhibitors on opioid tolerance and
withdrawal. Medication development issues for opiate addiction,
Neuropsychopharmacology, 13 (1995) 269-293.

[18] Hutchings, D.E. and Dow-Edwards, D., Animal models of opiate, cocaine, and
cannabis use, Clin Perinatol, 18 (1991) 1-22.

[19] Inturrisi, C.E., Preclinical evidence for a role of glutamatergic systems in opioid
tolerance and dependence, Sem Neurosci, 9 (1997) 110-119.

[20] Jones, K.L. and Barr, G.A., Ontogeny of morphine withdrawal in the rat, Behav
Neurosci, 109 (1995) 1189-1198.

[21] Jones, K.L., Zhu, H., Jenab, S., Du, T., Inturrisi, C.E. and Barr, G.A., Attenuation
of Acute Morphine Withdrawal in the Neonatal Rat by the Competitive NMDA
Receptor Antagonist LY235959, Neuropsychopharmacology, 26 (2002) 301-310.

[22] Kirby, K.C., Stitzer, M.L. and Heishman, S.J., Acute opioid physical dependence
in humans: effect of varying the morphine-naloxone interval II, J Pharmacol Exp
Ther, 255 (1990) 730-737.

[23] Koyuncuoglu, H., The combination of tizanidine markedly improves the treatment
with dextromethorphan of heroin addicted outpatients, Int J Clin Pharmacol Ther,
33 (1995) 13-19.

[24] Koyuncuoglu, H. and Saydam, B., The treatment of heroin addicts with
dextromethorphan: a double-blind comparison of dextromethorphan with
chlorpromazine, Int J Clin Pharmacol Ther Toxicol, 28 (1990) 147-152.

[25] Manning, B.H., Mao, J., Frenk, H., Price, D.D. and Mayer, D.J., Continuous co-
administration of dextromethorphan or MK-801 with morphine: attenuation of
morphine dependence and naloxone-reversible attenuation of morphine tolerance,
Pain, 67 (1996) 79-88.

[26] Mao, J., NMDA and opioid receptors: their interactions in antinociception,
tolerance and neuroplasticity, Brain Res Brain Res Rev, 30 (1999) 289-304.

[27] Mao, J., Price, D.D., Caruso, F.S. and Mayer, D.J., Oral administration of
dextromethorphan prevents the development of morphine tolerance and
dependence in rats, Pain, 67 (1996) 361-368.

[28] Marek, P., Ben-Eliyahu, S., Gold, M. and Liebeskind, J.C., Excitatory amino acid
antagonists (kynurenic acid and MK-801) attenuate the development of morphine
tolerance in the rat, Brain Res, 547 (1991) 77-81.

[29] Marek, P., Ben-Eliyahu, S., Vaccarino, A.L. and Liebeskind, J.C., Delayed
application of MK-801 attenuates development of morphine tolerance in rats,
Brain Res, 558 (1991) 163-165.

[30] Marsh, D.F., Hatch, D.J. and Fitzgerald, M., Opioid systems and the newborn, Br
J Anaesth, 79 (1997) 787-795.

[31] Martin, W.R. and Eades, C.G., A comparison between acute and chronic physical
dependence in the chronic spinal dog, J. Pharmacol. Exp. Ther., 146 (1964) 385-
394.

[32] Mayer, D.J., Mao, J., Holt, J. and Price, D.D., Cellular mechanisms of
neuropathic pain, morphine tolerance, and their interactions, Proc Natl Acad Sci
U S A, 96 (1999) 7731-7736.



18

[33] McLemore, G.L., Kest, B. and Inturrisi, C.E., The effects of LY293558, an
AMPA receptor antagonist, on acute and chronic morphine dependence, Brain
Res, 778 (1997) 120-126.

[34] Parsons, C.G., Danysz, W. and Quack, G., Memantine is a clinically well
tolerated N-methyl-D-aspartate (NMDA) receptor antagonist--a review of
preclinical data, Neuropharmacology, 38 (1999) 735-767.

[35] Popik, P. and Danysz, W., Inhibition of reinforcing effects of morphine and
motivational aspects of naloxone-precipitated opioid withdrawal by N-methyl-D-
aspartate receptor antagonist, memantine, J Pharmacol Exp Ther, 280 (1997) 854-
865.

[36] Popik, P., Kozela, E. and Danysz, W., Clinically available NMDA receptor
antagonists memantine and dextromethorphan reverse existing tolerance to the
antinociceptive effects of morphine in mice, Naunyn Schmiedebergs Arch
Pharmacol, 361 (2000) 425-432.

[37] Popik, P. and Skolnick, P., The NMDA antagonist memantine blocks the
expression and maintenance of morphine dependence, Pharmacol Biochem
Behav, 53 (1996) 791-797.

[38] Purcell-Jones, G., Dormon, F. and Sumner, E., The use of opioids in neonates. A
retrospective study of 933 cases, Anaesthesia, 42 (1987) 1316-1320.

[39] Rasmussen, K., Brodsky, M. and Inturrisi, C.E., NMDA antagonists and clonidine
block c-fos expression during morphine withdrawal, Synapse, 20 (1995) 68-74.

[40] Rosen, M.I., McMahon, T.J., Woods, S.W., Pearsall, H.R. and Kosten, T.R., A
pilot study of dextromethorphan in naloxone-precipitated opiate withdrawal, Eur
J Pharmacol, 307 (1996) 251-257.

[41] Suresh, S. and Anand, K.J., Opioid tolerance in neonates: a state-of-the-art
review, Paediatr Anaesth, 11 (2001) 511-521.

[42] Thornton, S.R. and Smith, F.L., Characterization of neonatal rat fentanyl
tolerance and dependence, J Pharmacol Exp Ther, 281 (1997) 514-521.

[43] Thornton, S.R., Wang, A.F. and Smith, F.L., Characterization of neonatal rat
morphine tolerance and dependence, Eur J Pharmacol, 340 (1997) 161-167.

[44] Trujillo, K.A. and Akil, H., Inhibition of morphine tolerance and dependence by
the NMDA receptor antagonist MK-801, Science, 251 (1991) 85-87.

[45] Trujillo, K.A. and Akil, H., Excitatory amino acids and drugs of abuse: a role for
N-methyl-D-aspartate receptors in drug tolerance, sensitization and physical
dependence, Drug Alcohol Depend, 38 (1995) 139-154.

[46] Windh, R.T., Little, P.J. and Kuhn, C.M., The ontogeny of mu opiate tolerance
and dependence in the rat: antinociceptive and biochemical studies, J Pharmacol
Exp Ther, 273 (1995) 1361-1374.

[47] Zhu, H. and Barr, G.A., Naltrexone-precipitated morphine withdrawal in infant rat
is attenuated by acute administration of NOS inhibitors but not NMDA receptor
antagonists, Psychopharmacology (Berl), 150 (2000) 325-336.

[48] Zhu, H. and Barr, G.A., Inhibition of morphine withdrawal by the NMDA
receptor antagonist MK-801 in rat is age dependent, Synapse, 40 (2001) 282-293.

[49] Zhu, H. and Barr, G.A., Opiate withdrawal during development: are NMDA
receptors indispensable?, Trends Pharmacol Sci, 22 (2001) 404-408.



19

[50] Zhu, Y.S., Branch, A.D., Robertson, H.D., Huang, T.H., Franklin, S.O. and
Inturrisi, C.E., Time course of enkephalin mRNA and peptides in cultured rat
adrenal medulla, Brain Res Mol Brain Res, 12 (1992) 173-180.

[51] Zhu, Y.S., Brodsky, M., Franklin, S.O., Huang, T. and Inturrisi, C.E., Metrazole
induces the sequential activation of c-fos, proenkephalin, and tyrosine
hydroxylase gene expression in the rat adrenal gland: modulation by
glucocorticoid and adrenocorticotropic hormone, Mol Pharmacol, 44 (1993) 328-
335.

[52] Zhu, Y.S. and Inturrisi, C.E., Metrazole induction of c-fos and proenkephalin
gene expression in the rat adrenal and hippocampus: pharmacological
characterization, Brain Res Mol Brain Res, 20 (1993) 118-124.



20

Saline + Saline
Saline + Dextromethorphan
Morphine + Saline
Morphine + Dextromethorphan

Treatment

Treatment

Treatment

Treatment

Treatment

Treatment

Treatment

0

50

100

150

200

0

50

100

150

0

50

100

150

200

250

0

1

2

3

4

5

0

5

10

15

0

10

20

30

40

50

0

5

10

15

H
ea

d 
M

ov
es

M
ov

in
g 

P
aw

s
Q

ui
et

R
ol

lin
g

W
al

l C
lim

bi
ng

W
al

ki
ng

V
oc

al
iz

at
io

ns

+

*

*

*

* *

*

*

+

+

+ +

+

+



21

Saline + Saline
Saline + Dextromethorphan
Morphine + Saline
Morphine + Dextromethorphan

B
ra

in
 c

-f
os

 m
R

N
A

 (
pg

/µ
g)

Treatment

1.00

0.75

0.50

0.25

0.00

+

*


