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Inhibition of Morphine Tolerance and Dependence by 
the NMDA Receptor Antagonist MK-801 

The N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor is an important 
mediator of several forms of neural and behavioral plasticity. The present studies 
examined whether NMDA receptors might be involved in the development of opiate 
tolerance and dependence, two examples of behavioral plasticity. The noncompetitive 
NMDA receptor antagonist MK-801 attenuated the development of tolerance to the 
analgesic effect of morphine without affecting acute morphine analgesia. In Addition, 
MK-801 attenuated the development of morphine dependence as assessed by nalox- 
one-precipitated withdrawal. These results suggest that NMDA receptors may be 
important in the development of opiate tolerance and dependence. 

0 PIATE DRUGS SUCH AS MORPHINE 

are widely used in the clinical man- 
agement of pain. Their clinical use- 

fulness is limited, however, by tolerance and 
dependence. Tolerance is a decreased effect 
of a drug with repeated administration; a 
consequence of tolerance to opiates is the 
need to increase the dose of the drug to 
sustain the clinical analgesic effect. Depen- 
dence is also a state produced by repeated 
administration of a drug, but is only ex- 
pressed after administration is terminated; 
an opiate-dependent subject undergoes an 
unpleasant withdrawal or abstinence syn- 
drome in the absence of further administra- 

tion of drug. Tolerance and dependence are 
thought to result from neuronal adaptations 
produced by repeated drug exposure (1, 2). 
The behavioral and neural plasticity seen 
after repeated exposure to opiates is experi- 
ence-dependent and in many respects is sim- 
ilar to learning-in fact, learning has been 
suggested to be important in the develop- 
ment of tolerance and dependence (3, 4). 
Despite many years of study, the mecha- 
nisms underlying opiate tolerance and de- 
pendence are still relatively poorly under- 
stood. 

Excitatory amino acid systems have a role 
in behavioral and neural plasticity. In partic- 
ular, the N-methyl-D-aspartate (NMDA) re- 
ceptor is involved in neuronal development, 

Mental Health Research Institute, The University of potentiation, kindling, learnin& 
Michigan, 205 Washtcnaw Place, Ann Arbor, MI and memow (5). In the present studies we 
48 109-0720. examined ke'potential rb~e  of NMDA re- 
*To whom correspondcnce should bc addressed. ceptors in the development of tolerance and 

dependence by determining the effects of an 
NMDA receptor antagonist on the behav- 
ioral changes that occur with repeated ad- 
ministration of morphine to rats (6).  

Animals receiving 10 mg of morphine per 
kilogram of body weight (10 mglkg of 
morphine) displayed maximal analgesia on 
days 1 and 3 of treatment whether they were 
treated with saline or MK-801. In saline- 
treated animals the analgesic response to 
morphine displayed rapid development of 
tolerance, reaching baseline latencies by days 
7 to 9 (Fig. 1A). In contrast, animals treated 
with 0.1 mglkg of MK-801 showed consid- 
erably less tolerance, maintaining an analge- 
sic response throughout morphine treat- 
ment. This effect was dose-dependent; 
animals treated with 0.03 mglkg of MK-801 
showed tolerance to the analgesic effect of 
morphine that was similar to that in saline- 
pretreated animals, while animals treated 
with 0.1 or 0.3 mgjkg of MK-801 were 
analgesic throughout the testing period 
(Fig. 2A). The increased analgesia seen in 
the MK-801-treated group was not due to 
analgesic actions of MK-801 alone or to an 
acute analgesic interaction between MK- 
801 and morphine. First, animals treated 
acutely with MK-801 (0.03,0.1,0.3, or 3.0 
mglkg) showed no change in tail-flick laten- 
cy, demonstrating the lack of effect of this - 
drug alone on pain responsiveness (Fig. 3). 
Additionally, animals treated acutely with 
MK-801 (0.03,0.1, or 0.3 mglkg) and then 
with a mildly analgesic dose of morphine 
(1.0 mglkg) had tail-flick latencies no great- 
er than saline-pretreated animals, demon- 
strating the lack of acute interaction be- 
tween-these drugs (Fig. 3). Despite the 
absence of analgesia observed with MK-801 
alone or in combination with an acute injec- 
tion of morphine, we considered the possi- 
bility that this drug may have unmasked 
"hidden" analgesia in the morphine-tolerant 
animal and may therefore have affected the 
expression rather than the development of 
morphine tolerance. However, the data 
from day 10 of treatment indicate that this 
was no; the case: animals that had been 
treated with saline and morphine on days 1 
through 9, then challenged with MK-801 
and morphine on day 10 showed no greater 
analgesia than that seen the previous day, 
demonstrating that MK-801 does not affect 
the analgesia in an already morphine-toler- 
ant animal (Fig. 1B). Moreover, animals 
that had been treated with MK-801 and 
morphine on days 1 through 9, then given 
morphine alone on day 10, displayed con- 
siderable analgesia on day 10 despite the 
lack of MK-801 pretreatment on this day 
(Figs. 1B and 2B), suggesting that MK-801 
need not be present during testing to ob- 
serve analgesia in the chronically treated 
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Fig. 1. Effects of MK-801 
on opioid tolerance and de- 
pendence. (A) Effect of 
MK-801 (0.1 mglkg) on the 
development of tolerance to 
the analgesic effect of mor- 
phine (10 mgtkg) over the 9 
days of treatment. See (6) 
for methods. Scores are ex- 
pressed as mean tail-flick la- 
tency 2 SEM. Tail-flick la- Day of treatment 

Sal-Sal MK-Sal Sal-MOI 
Treatment 

1 
tencies were converted to 
maximal percent effect for statistical comparison by analysis of variance 5 30 
(13). Dunnett t tests were used for post hoc comparisons; n = 6 animals 'Z 
per group; *, significant difference between MK-801-morphine (MK- 20 
Mor) group ( a )  and saline-morphine (Sal-Mor) group (A) (P  < 0.05). a 

The dashed line indicates the responsiveness of these animals in the g l o  
tail-flick test in the absence of drug treatment (baseline). 0, Sal-Sal; 0, " 
MK-Sal. ( 8 )  Analgesia scores on day 10. As noted (6) ,  treatments were Sal-Sal MK-Sal Sal-Mor MK-Mor 
reversed on day 10 to determine if the drug effects were on the Treatment 
development or the expression of tolerance. The label under each bar 
indicates the treatment the animals received on days 1 through 9. *, Significant difference between 
MK-Mor group and Sal-Mor group (P  < 0.05). The Sal-Mor group was not significantly different from 
Sal-Sal group. (C) Escape jumps during naloxone-precipitated withdrawal on day 10. The label under 
each bar indicates the treatment the animals received on days 1 through 9. Scores are expressed as mean 
number of escape jumps k SEM. *, Sal-Mor group significantly different fiom all other groups (P  < 
0.05). The MK-Mor group was not significantly different from the Sal-Sal or the MK-Sal group. 

animal. These results suggest that MK-801 
inhibits the development of tolerance to the 
analgesic effect of morphine. 

In addition to interfering with tolerance, 
MK-801 pretreatment inhibited the nalox- 
one-precipitated abstinence syndrome. Ani- 
mals that had received repeated administra- 
tion of saline and morphine displayed 
numerous escape jumps (8) in response to 
an injection of the opiate antagonist nalox- 
one. In contrast, animals that were treated 
with MK-801 during repeated morphine 
administration showed very few jumps after 
naloxone administration (Figs. 1C and 2C). 
As with the above experiments on tolerance, 

control studies demonstrated that the effect 
of MK-801 was due to the repeated admin- 
istration of the drug with morphine and not 
due to an acute interaction between the 
MK-801 and morphine on the day of with- 
drawal. First, animals that had received sa- 
line and morphine on days 1 through 9 
displayed numerous escape jumps even 
when they received MK-801 before nalox- 
one-precipitated withdrawal, suggesting 
that an acute dose of MK-801 does not 
interfere with escape jumps in a morphine- 
dependent animal (Fig. 1C). Second, ani- 
mals that had received MK-801 and mor- 
phine on days 1 through 9 displayed few 

Fig. 2. Dose resuonse of A * B 
MK-801 on morphine toler- 
ance and dependence. (A) 
Dose-response of MK-801 
on the development of toler- 
ance to the analgesic effect 
of morphine (10 mg/kg). 
See (6) and Fig. 1 legend for 
methodology and abbrevia- 
tions. 0, Sal; 0, 0.03 mgl 
kg MK; A, 0.1 mglkg MK; 
a. 0.3 mdkeMK. *. Simif- 

0 2 4 6 8 1 0  
Day of treatment 

Sal 0.03 0.1 0.3 
Dose MK-801 (mglkg) 

C .." - ,  0 0  - , a - -  CU 
icant difference from Sal group (P < 0.05); n = 6 animals per group. 
The arrow indicates that the 0.3 mg/kg group was switched to saline g 15 
pretreatment on day 5 (14). The dashed line indicates the responsive- 'Z 
ness of the animals in the tail-flick test in the absence of drug treatment 8 1 0  (baseline). (8)  Analgesia scores on day 10. In this experiment, animals 
received no pretreatment on day 10-tail-flick latency was determined 5 
60 min after injection of morphine (10 mglkg sc). *, Significant d 
difference from Sal group (P < 0.05). (C) Escape jumps during O 

naloxone-precipitated withdrawal on day 10. Although the results of Sal 0.03 0.1 0.3 
Dose MK-801 (mglkg) 

this study did not achieve statistical significance, the pattern of response 
suggests that MK-801 may inhibit escape jumps in a dose-dependent manner (the lack of significance 
appears primarily due to fewer escape jumps in the Sal-pretreated (control) group compared to this 
group in Experiment 1). ***, The three remaining animals pretreated on days 1 to 5 with 0.3 mglkg 
MK-801, and days 6 to 9 with saline (14) showed inconsistent effects on escape jumping; one animal 
jumped only three times, one jumped 26 times, and the third jumped 53 times. 

2 oj , , , , , , , 

Sal 0.03 0.1 0.3 
Dose MK-801 (mglkg) 

Fig. 3. Acute effect of MK-801 on morphine 
analgesia. Animals were administered a single 
injection of saline or MK-801 (0.03, 0.1, 0.3, or 
3.0 mglkg ip) 30 min prior to saline (0) ( n  = 4 
to 6 animals per group) or morphine ( a )  (1 
mglkg sc; n = 10 animals per group). Tail-flick 
latencies were determined 60 min after the second 
injection. Scores are expressed as mean tail-flick 
(TF) laiency +- SEM. Morphine produced mod- 
erate analgesia in animals pretreated with saline. 
MK-801 treatment had no effect on tail-flick 
latency when administered before saline and did 
not significantly influence morphine analgesia. 

escape jumps despite the fact that they did 
not receive MK-801 on day 10 prior to 
precipitated withdrawal (Figs. 1C and 2C). 
Thus, MK-801, administered during repeat- 
ed treatment with morphine, interferes with 
the development of dependence (9).  

The inhibition of tolerance and depen- 
dence by MK-801 suggests that the NMDA 
receptor is involved in the behavioral 
changes and therefore presumably in the 
neural adaptations produced by repeated 
morphine administration. Although there 
are several possibilities for the actions of 
MK-801, both direct and indirect, we 
would like to consider two. First, it is pos- 
sible that NMDA receptors are directly in- 
volved in the neuronal changes that occir in 
tolerance and dependence (1,Z). This model 
posits that NMDA receptors on opiate- 
responsive neurons may have an important 
role in the plasticity arising from repeated 
opiate administration. MK-801 would in- 
terfere with tolerance and de~endence bv 
preventing the primary cellular adaptations 
that occur in response to chronic opiates 
(10). Alternatively, learning processes have 
been found to be importaniin tolerance and 
dependence (3, 4). Since NMDA receptor 
antagonists disrupt learning and memory 
(4, MK-801 may impair tolerance and de- 
pencence by interfering with associative 
mechanisms involved in these behavioral 
changes (11). In contrast to the first model, 
which ~ostulates an effect of MK-801 di- 
rectly on the opiate-responsive neuron, in 
this latter model the drug may act at a site 
distal to the primary effect of the opiate; at a 
brain site involved in the development of 
drug-environment associations. These 
mechanisms are not mutually exclusive; 
MK-801 may act both at the cellular site of 
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action of mor~hine  and on the associative 
processes involved in the development of 
tolerance and dependence. 

Our results suggest a potentially impor- 
tant role for NMDA receptors in the devel- 
opment of opiate tolerance and dependence. 
MK-801 also interferes with the develop- 
ment of sensitization (or reverse tolerance) 
to stimulant drugs (14, suggesting that 
excitatory amino acid systems may be in- 
volved in experience-dependent changes 
produced by repeated exposure to a variety 
of drugs. Adjunctive treatment with drugs 
that interfere with tolerance and de~endence 
may prove valuable for extending the useful- 
ness of opiates clinically. 
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Critical Structural Elements of the VP16 
Transcriptional Activation Domain 

Virion protein 16 (VP16) of herpes simplex virus type 1 contains an acidic transcrip- 
tional activation domain. Missense mutations within this domain have provided 
insights into the structural elements critical for its function. Net negative charge 
contributed to, but was not sufficient for, transcriptional activation by VP16. A 
putative arnphipathic alpha helix did not appear to be an important structural 
component of the activation domain. A phenylalanine residue at position 442 was 
exquisitely sensitive to mutation. Transcriptional activators of several classes contain 
hydrophobic amino acids arranged in patterns resembling that of VP16. Therefore, the 
mechanism of transcriptional activation by VP16 and other proteins may involve both 
ionic and specific hydrophobic interactions with target molecules. 

v P16 (ALSO TERMED Vmw65 OR a- vates transcription of the viral immediate- 
TIF) is a protein component of the early (IE) genes (1). Molecular genetic stud- 
herpes simplex virus type 1 (HSV- ies of VP16 have distinguished two func- 

1) virion that specifically and potently acti- tional domains that are relevant to transcrip- 
tional activation. The specificity for IE genes - -- 
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East Lansing, MI 48824-1319. terminal portion of VP16 with host proteins 
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