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Abstract

A series of experiments show that the expression of morphine tolerance is dependent on the context of drug administration. These conditioning effects underwent extinction when animals were repeatedly exposed to the drug context (CS) without morphine (US). Tolerance was completely reinstated (spontaneous recovery) following extinction with two very low morphine doses when administered in the original drug context. Tolerance was also easily reversed by the NMDA antagonist dextromethorphan. In a final experiment we show that morphine co administered with dextromethorphan results in morphine sensitivity, not tolerance. These results have implications for the management of chronic pain with opioids and for the effects of drug context on pain management and recovery from opioid addiction.

Dextromethorphan Modulation of Context-Dependent Morphine Tolerance

Morphine has long been used medicinally to relieve moderate to severe pain but its use has been restricted because of its rapidly induced tolerance and dependence.  Despite efforts to develop synthetic analgesics without tolerance and dependence effects, morphine remains the drug of choice for relief of moderate to severe pain. It would be clinically desirable to improve morphine’s utility by modulating the development of tolerance.  Furthermore, investigations of contributing factors to morphine dependence would be useful for developing more effective treatments for opioid dependence.


Drug tolerance shares characteristics with learned behaviors and Siegel and his colleagues (Siegel, 1976; Siegel, 1978; Siegel et al, 2000) have presented a compelling case that drug tolerance may be elicited by both contextual and drug onset cues. While associative tolerance is most frequently investigated with place conditioning procedures, other cues such as novel tastes and scents have been used to elicit morphine tolerance (Siegel et al., 2000). Associative tolerance is presumably responsible for the high rate of relapse for recovering opiate addicts (Siegel, 1999) and it may be a contributing factor to opioid overdose (Siegel, 1999, 2000).  


Traditionally, conditioned responses have been thought to be similar in form to unconditioned responses elicited by unconditioned stimuli.  In the case of conditioning to drug cues, however, the conditioned response is often opposite to the unconditioned response.  For example, morphine administration causes analgesia, sedation, and hyperthermia while conditioned responses to morphine include hyperalgesia, increases in motor responses, and hypothermia.  Presumably these conditioned responses develop as homeostatic mechanisms in response to predictable changes caused by drug effects (Siegel & Allan, 1998).  Similar compensatory responses are observed following conditioning with insulin (Siegel, 1975).


Some researchers have questioned whether Pavlovian conditioning contributes to context-dependent tolerance when tolerance has not been successfully linked to the specified CS (Cepeda-Benito & Tiffany, 1996).  However, Siegel (2000) has demonstrated that morphine’s drug-onset cues may provide the most reliable signal for drug administration and these cues may overshadow contextual cues.  As would be predicted using the associative tolerance paradigm, administration of a small dose of morphine, rather than the accustomed larger dose, results in compensatory responses (Siegel, 2000).  


Context-dependent drug tolerance shares characteristics with other learned behaviors.  For example, exposure to conditioned stimuli prior to pairing these stimuli with drug cues inhibits later associations (latent inhibition, Siegel, Hinson & Krank, 1981; Siegel, 2000), the presentation of drug cues (CS’s) without the drug result in the extinction of tolerance (Siegel, Hinson & Krank, 1981; Siegel, 2000), and the presentation of a sudden stimulus can disrupt conditioned responses to drugs (Siegel, Hinson & Krank, 1981; Siegel, 2000).  And furthermore, if tolerance is truly context dependent, one would predict an absence of tolerance when the cues are absent.  Siegel (1981) has indeed found this to be true. This later finding suggests that drug overdose may occur when addicts take their usual drug dose away from the cues that usually predict drug administration (Siegel, 1999)

Learning has been found to be closely associated with NMDA receptor activation (Bliss & Collingridge, 1993; Collingridge & Bliss, 1995) and indeed, NMDA receptor agonists have been found to facilitate learning (Trujilla & Akil, 1991) whereas NMDA receptor antagonists and lesions have been found to disrupt it (Sananes & Davis, 1992).  Mitchell, Basbaum, and Fields (2000) found that associative tolerance led to increased activity in the amygdala and the hippocampus, two brain structures long known to be vital to learning and memory. 


Trujillo and Akil’s (1991) investigation of the NMDA antagonist MK-801 and its ability to disrupt the development of tolerance has inspired research to explore the effects of several other NMDA antagonists on morphine antinociception and tolerance. Researchers have found that NMDA antagonists prevent or slow the development of morphine tolerance (for review see Mao, Price & Mayer, 1995). Additionally, some researchers have found that NMDA antagonists may reverse preexisting tolerance (Elliot et al, 1994; Zhao & Bhargava, 1996), whereas others (Allen & Dykstra, 1999, and Bilsky et al, 1996) have found tolerance to be unaffected by the administration of NMDA antagonists. Whether NMDA receptors mediate opiate tolerance needs further study.


NMDA antagonists have also been found to attenuate opioid withdrawal symptoms in both rodents and humans.  In a comparison of the NMDA antagonist dextromethorphan (DXM) and chlorpromazine, Koyoucuogu et al (1990) found that DXM significantly reduced withdrawal symptoms in heroin addicts. In another experiment, Koyoucuogu et., al. (1990), demonstrated that NMDA antagonists suppressed withdrawal symptoms from opioids. This result has been described by others (Bisaga et al., 2001; Kotlinska, 2001 Toyuyama et al, 2001). 

Although the mechanism for NMDA modulation of tolerance remains elusive, it is possible that these drugs disrupt the associative component of opiate tolerance. Should NMDA antagonists disrupt associative tolerance, these drugs may be useful in treating opiate dependence (Bisaga et al., 2001), and in preventing the development of opioid tolerance.  In a comprehensive review, Bespalov and colleagues (2001) suggested that NMDA receptors mediate hyperalgesia induced by opioids several hours after opioid administration.  This hyperalgesia may be the compensatory response triggered by opioid administration, thus providing an underlying neural mechanism linking acute, associative and cellular tolerance.  Furthermore, Bespalov et al. (2001) suggested that since NMDA receptor agonists induce nociceptive responses, and NMDA receptors are activated by mu-opioid receptor activation, NMDA receptors are a logical target for enhancing opioid antinociception and inhibiting opioid tolerance.


The present research was conducted to further explore context-dependent morphine tolerance as well as to evaluate the ability of the NMDA antagonist dextromethorphan to disrupt it.  In Experiments 1 and 2 we examine morphine tolerance elicited by contextual cues as well as both the extinction and reinstatement of associative tolerance. In Experiments 3 and 4 we examined the effects of morphine co-administered with dextromethorphan on context-dependent tolerance and nociception.

Experiment 1


In Experiment 1 we compare tolerance to morphine that develops following exposure to a both a distinctive environmental context and to animals’ home cages.

Method
Subjects


The subjects were 24, experimentally naïve, female hooded rats obtained from a local breeder. The rats were individually housed in suspended wire mesh cages and maintained on a 12-hr/12-hr light/dark cycle.  All experiments were conducted during the 12-hr light phase. Food and water were available ad libitum. 

Apparatus


Distinctive contexts.  The distinctive contexts were 4 identical covered plastic boxes (41 cm deep x 32 cm wide x 20 cm high) enclosed in sound attenuating chambers. The floors of the boxes were lined with cedar shavings, white noise masked extraneous sounds, and an external 10 w lamp provided diffuse illumination. 


Analgesia Meter.  A Columbus Instruments Tail-Flick Analgesia Meter was connected to a PC for data recording and analysis. The intensity of the photo beam was adjusted to produce a tail-flick latency of approximately 15 sec without analgesia. This intensity was used throughout testing to induce thermal pain.

Procedure


Habituation.  Before conditioning, all animals were habituated to the injection procedure and to the analgesia testing apparatus. Habituation consisted of daily trials where animals received i.p. saline injections and were restrained on the analgesia meter for 3 min.  During habituation the analgesia meter was not turned on.  These sessions were conducted daily for 5 consecutive days.  The tolerance development phase commenced immediately following the habituation trials.


Tolerance Development.  The animals were separated into 2 groups of 12 rats each. Group DC animals were placed in a distinctive context for 30 min following each morphine injection and returned to their home cages following saline injections. Group HC animals were returned to their home cage following morphine injections and placed in the distinctive context following saline injections.  Following the 30 min post-injection period, all animals were restrained on the tail-flick analgesia meter for 1 min. The tolerance development phase continued for fourteen days with 7 morphine and 7 saline injections. The order of saline and morphine injections was pseudo-random to prevent strict alternation. The dosages of morphine in mg/kg were 5, 5, 10, 10, 12.5, 15, and 15.  The Morphine Sulfate (Sigma) was dissolved in saline. All injections were administered i.p. 


Testing.  On the 2 consecutive days following tolerance development all animals were tested for analgesia using the tail-flick analgesia meter. On the first day of testing all animals were injected with 15-mg/kg of morphine and placed in the distinctive context for 30 min. After the 30 min waiting period each animal was tested for tail-flick latency while being restrained on the analgesia meter. Animals were each tested for 3 successive trials yielding 3 separate tail-flick latencies per test. Between the same-day trials the animals were moved slightly so the photo beam of the analgesia meter didn’t strike the same location on the animal’s tail. This method of testing yielded remarkably consistent tail-flick latencies both within and between animals.  On the second day of testing all animals were injected with 15-mg/kg of morphine and returned to their home cages for 30 min before testing for analgesia as per day 1.

Results


The results of Experiment 1 are presented in Figure 1, which compares the average tail flick latencies for both groups.  Animals in both groups demonstrated significantly greater tolerance (shorter tail-flick latencies) when exposed to the context where morphine tolerance developed and longer latencies when tested following exposure to their saline environments.  The mean tail-flick latencies for Group DC increased from 11.61 sec in the DC environment to 22.56 sec following exposure to the home cage (t=4.03, df=11, p=.001). On the other hand, the latencies for Group HC decreased from 26.56 sec in the DC environment to 11.96 sec following exposure to their home cages (t=6.65, df=11, p<.001). The slight, although not significant, difference in tolerance between these groups may be attributable to the relative novelty of the distinctive context over the home cage.  That is, the HC animals are in the home cage environment not only after morphine injections, but also during most of their non-drug state. Therefore, the salience of the HC environment as a drug cue must be weaker than the DC environment for the DC animals.

Experiment 2

In Experiment 1 we demonstrated that Pavlovian contextual cues powerfully influence the display of morphine tolerance. In Experiment 2 we examine the effects of both extinction and reinstatement (spontaneous recovery) procedures on associative tolerance.

Method

Subjects


The subjects were the same 24 hooded rats as used in Experiment 1. The rats were individually housed in suspended wire mesh cages and maintained on a 12-hr/12-hr light/dark cycle.  All experiments were conducted during the 12-hr light phase. Food and water were available ad libitum throughout the experiment. 

Apparatus


The apparatus was the same as used in Experiment 1.

Procedure


For 14 days following analgesia testing for Experiment 1 all animals were withdrawn from morphine but did continue to receive saline injections on alternate days. Following saline injections the animals were assigned to either the HC or the DC environment for 30 min according to a schedule that prevented both strict alternation between environments and exposure to the same context for more than 3 consecutive sessions. Following DC exposure the animals were returned to their home cage. On days 15 and 16 all 24 animals were tested for thermal analgesia after receiving 15-mg/kg morphine and 30 min exposure to both the HC and the DC environments so that each animal was tested following exposure to each context on successive days.  The order of context exposure was randomized for both groups.


To reinstate tolerance that was extinguished during the 14 days of morphine withdrawal, all animals were given 2 reinstatement trials with 3 mg/kg morphine separated by one day of saline injections. Following morphine injections the animals were returned to their respective tolerance-development contexts for 30 min. That is, Group HC animals were returned to their respective home cages and Group DC animals were exposed to the distinctive context.  On the intervening day, following saline injections, they were placed in their non-drug contexts for 30 min. During the next 2 days, all animals were again tested for thermal analgesia after receiving 15-mg/kg morphine and 30 min exposure to both HC and DC environments. The order of HC and DC exposure was again randomized for both groups.

Results


The results of Experiment 2 are presented in Figure 2, which shows mean tail-flick latencies following morphine administration for the combined HC and DC groups after exposure to both contexts. The left panel, from Experiment 1, presents the pre extinction baseline latencies following exposure to both the same and different drug administration contexts. Animals demonstrate significantly shorter latencies (tolerance) after exposure to the context where drug had been previously administered than when exposed to the non-drug, saline, context (t=4.69, df=22, p<.001). The middle panel shows that context-dependent tolerance undergoes extinction following 14 days of morphine withdrawal. That is, tail-flick latencies increased for both groups to the same pre-tolerance durations (t=.20, df=22, p=.58). The right panel demonstrates that context-dependent tolerance can be reinstated by very small morphine doses as long as they are administered in the same context where tolerance had previously developed. That is, the context-dependent tolerance was reinstated (spontaneous recovery) only after exposure to the drug administration context and tolerance was not reinstated following exposure to the non-drug context (t=6.31, df=22, p <.001).

Experiment 3

In Experiments 1 and 2 we demonstrated that tolerance to morphine was powerfully controlled by context under the conditions that prevailed in our experiments. In Experiment 3 we examine the effects of the NMDA antagonist dextromethorphan on established context-dependent morphine tolerance.

Method

Subjects


The subjects were the same 24 hooded rats as used in Experiment 1. The rats were individually housed in suspended wire mesh cages and maintained on a 12-hr/12-hr light/dark cycle.  All experiments were conducted during the 12-hr light phase. Food and water were available ad libitum throughout the experiment. 

Apparatus


The apparatus was the same as used in Experiments 1-2.

Procedure


Following the reinstatement of tolerance in Experiment 2, 6 animals from each group were injected with 30-mg/kg dextromethorphan mixed with10-mg/kg morphine.  The remaining 6 animals from each group received injections of 10-mg/kg morphine alone. Morphine-dextromethorphan or morphine alone injections were administered according to a pseudo random schedule alternating with saline for 12 consecutive days.  All animals received 6 saline and 6 drug injections during this period. Following injections animals were exposed to their respective drug or saline contexts for 30 min. No testing for analgesia occurred during this 12-day period.  On the first day following dextromethorphan treatment all animals were tested for morphine analgesia following a 15-mg/kg injection of morphine and exposure to the distinctive context for 30 min. The following day all animals again received 15-mg/kg of morphine, but they were returned to their home cages for 30 min before analgesia testing.

Results


Figure 3 shows the differences between the post and pre-treatment tail-flick latencies for both the HC and DC groups following morphine administration. Larger differences reflect longer tail-flick latencies and thus greater morphine analgesia following the 6 days of dextromethorphan treatment.  The reversal of tolerance by dextromethorphan in this experiment appears to be context dependent. That is, the dextromethorphan treated animals demonstrated morphine analgesia only following exposure to their respective morphine administration contexts (t=3.08, df=22, p=.003) , a result opposite to those of Experiment 1 where tolerance was shown to be context dependent. The non-treated morphine control animals revealed tolerance that did not differ from their baseline levels (t=1.12, df=22, p=.13). 

Experiment 4

In Experiment 3 we show that dextromethorphan can reverse the morphine tolerance that is elicited by drug administration context. In Experiment 4 we examine the effects of dextromethorphan on the establishment of morphine tolerance.

Subjects

The subjects were 12, experimentally naïve, female hooded rats obtained from a local breeder. The rats were individually housed in suspended wire mesh cages and maintained on a 12-hr/12-hr light/dark cycle.  All experiments were conducted during the 12-hr light phase. Food and water were available ad libitum throughout the experiment. 

Apparatus


The apparatus was a modified hotplate with the temperature set to 54ºC and a stainless steel wire mesh gang cage that was located in a small cabinet.  

Procedures


Analgesia was assessed using the hot-plate method of paw-lick latency.  All latencies were measured to the nearest tenth of a second, and all animals were removed from the hot plate within 60 seconds to prevent tissue damage.  Baseline latency was first measured on animals following a saline injection.  Two days later, pretest latency was recorded following a 10mg/kg injection of morphine.  All injections were done i.p.  Animals were randomly assigned to one of two groups: the experimental group (DXM), which received morphine and dextromethorphan in a 1:2 ratio (10mg/ml morphine: 20mg/ml dextromethorphan), and a control group (SAL), which received morphine and saline.  The saline administered to subjects in the SAL group was adjusted to be equal in volume to the dextromethorphan dosage administered to animals in the DXM group.  Previous data collected in this laboratory indicate that dextromethorphan has no analgesic properties, so no dextromethorphan group was run at this time.


Tolerance was established by administering the paired injections on either 48 or 72-hour intervals, determined randomly, for a total of five paired injections.  All morphine doses were 10mg/kg.  Animals were weighed and administered an injection before being placed in the novel environment for 30 minutes.


Forty-eight hours after the last of the paired injections, subjects’ paw-lick latencies were again assessed.  Both the DXM and SAL groups were split into two subgroups (A and B), and latencies were assessed over two days.  On the first post-test, DXM and SAL subgroups A were administered a 10 mg/kg dose of morphine and placed in the novel environment for 30 minutes.  The B subgroups were administered an equal amount of morphine and placed in their home cages for an equal amount of time.  After 30 minutes, the animals’ latencies were assessed as in the pretest.  On the following day, the groups were reversed, with the placement of DXM and SAL subgroups B in the novel environment and A subgroups being returned to the home environment following morphine administration.  Paw–lick latencies were again assessed.
Results

The results of Experiment 4 are presented in Figure 4, which compares baseline tail-flick latencies to latencies following paired morphine-dextromethorphan administration. Larger latencies represent greater morphine analgesia. In the left panel, morphine produced thermal analgesia and significantly increased paw-lick latencies at baseline (t=4.31, df=11, p<.01). The middle panel shows tolerance to both the HC and DC contexts after repeated morphine administration. That is, morphine became less effective at blunting thermal pain and results in shorter latencies.  The right panel shows that tolerance was reversed and analgesia was potentiated by dextromethorphan. This effect was most pronounced in the DC environment (t=3.67, df=11, p=.02). 

Discussion


This research both clarifies and extends several phenomena observed in the morphine-NMDA antagonist literature as well as raising new questions and suggesting new applications for this drug combination.  Especially noteworthy are the observed potentiation of morphine analgesia following the development of tolerance, the reversal of tolerance by both extinction and dextromethorphan, and the spontaneous recovery of tolerance following extinction.


Previous research has mentioned potentiation of morphine’s analgesic effects by NMDA antagonists and the potentiation of analgesia has such clear and profound implications for clinical applications, it should be strongly emphasized.  The present research demonstrated clear and robust potentiation of morphine effects, suggesting that pain patients might require lower morphine doses if they received a combination drug such as MorphiDex.  Furthermore, while the present authors did not systematically study the lethal effects of morphine in combination with DXM, it should be noted that animals receiving both DXM and morphine had to be rescued with naloxone much more frequently than animals receiving morphine alone.  Our morphine alone animals that did need naloxone only needed at the beginning of the tolerance development phase, whereas DXM and morphine animals continued to suffer from respiratory depression throughout the experiment.  These findings suggest that (a) further study of the lethal effects of this drug combination is needed, and (b) patients receiving DXM and morphine combinations either together for pain management or separately through cold medication and pain management need to be closely monitored to prevent drug overdose and respiratory depression.


Especially interesting in the present experiment was the reinstatement of context-dependent tolerance following extinction and the reversal of context-dependent tolerance by DXM administration. Extinction is typically characterized by the loss of conditioned responses following presentation of the CS without the US. One of the characteristics of extinction is a rapid reinstatement (spontaneous recovery) of responding when the CS and US are again paired.  Indeed, reinstatement of tolerance occurred following just two CS-US trials with extremely low (3 mg/kg) doses of morphine.  The reversal of conditioned tolerance was also demonstrated following a short course of DXM treatment, suggesting that perhaps NMDA-receptor blockade may in someway underlie extinction.  


Further research is needed to clarify NMDA receptor deactivation as a possible neural substrate for extinction.  In addition to the obvious in vitro and in vivo experiments, behavioral investigations of extinction bursts, spontaneous recovery, and increased responding with a sudden stimulus could further clarify this relationship.  Investigation of withdrawal behaviors such as hyperalgesia, hypothermia, and defecation could also extend this work.  To extend possible clinical implications, this work needs to be extended to heroin, oxycodone, and other opioid drugs of abuse.


Drug abuse treatment implications are again quite clear with the experimental reversal of tolerance.  First, this suggests that DXM might be a useful tool to aid in recovery from morphine addiction.  Secondly, this suggests that any former user who again uses morphine will quickly return to his or her former level of tolerance rapidly.  This may mean that such treatment might only be useful for the most motivated of recovering addicts, but nonetheless may prove a significant improvement over extended methadone treatments currently in use.  


Finally, the results presented here were so robust as to make the use of inferential statistics redundant.  Such strong responding in each animal studied suggests a universal phenomenon with wide-ranging implications.  The NMDA antagonist DXM is widely available in over-the-counter cough syrup preparations.  Patients using opioid drugs therapeutically must be strongly advised to avoid cough and cold preparations.  Other NMDA antagonists commonly abused include memantine, keatamine, and PCP.  These drugs may be purposefully or accidentally combined with opioids and result in overdose.  Indeed, this research was inspired by antecdotal reports of the sudden death of drug users who consumed heroin combined with DXM.
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Figure Captions

Figure 1. Mean tail-flick latencies for both DC and HC animals following morphine administration and 30 min exposure to the distinctive context (left panel) and after 30 min exposure to the home cage (right panel). Longer latencies indicate greater morphine analgesia.

Figure 2. Mean tail-flick latencies from Experiment 1 (baseline) and following extinction (context CS alone) and reinstatement (morphine US and context CS). Longer latencies indicate greater morphine analgesia.

Figure 3. The left panel shows the differences in post-pre treatment tail-flick latencies for animals receiving morphine with dextromethorphan vs. morphine alone following exposure to the distinctive context. The right panel compares the animals tested after exposure to the home cage environment. The larger differences for the DC group after DC exposure and the HC group after HC exposure indicates that DXM reversal of tolerance was context dependent.

Figure 4. Mean paw-lick latencies following saline and morphine administration before DXM treatment (left), for animals receiving morphine alone (middle), and for animals administered DXM with morphine (right). Longer latencies represent greater morphine analgesia.
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