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Analgesic Tolerance to Opioids 

For the past 15 years, the World Health Organization has recommended morphine as the 
analgesic of choice for treatment of moderate to severe cancer pain.1 Additionally, 
morphine and related opioids are widely used to alleviate moderate to severe pain after 
surgery or trauma, or with medical illness such as heart attack. Patients with apparently 
similar pain states have large differences in opioid dosing requirements. Factors that 
contribute to this marked variability include psychosocial status, type of pain 
(nociceptive, inflammatory, neuropathic, or mixed) and its severity, concurrent 
medications, gender and other genetic aspects, and whether patients are opioid-naive or 
tolerant. Although this issue of Pain: Clinical Updates focuses on analgesic tolerance, it is 
now clear that the biology of analgesic tolerance has much in common with mechanisms 
thought to produce and maintain pathological pain.2-4 

Definition of Analgesic Tolerance 
Tolerance is the phenomenon whereby chronic exposure to a drug diminishes its 
antinociceptive or analgesic effect, or creates the need for a higher dose to maintain this 
effect. In other words, the tolerant organism is less susceptible to the pharmacological 
effects of a drug as a consequence of its prior administration.5 Clinically, this definition 
assumes no progression in the disease state.6 In animal studies, antinociceptive tolerance 
is readily induced: even a few days of administration of an opioid such as morphine 
results in a progressive loss of its antinociceptive effect. As a result, the dose-response 
curve in opioid-tolerant animals shifts toward the right relative to that for opioid-naive 
animals (Fig. 1). 

 

Fig. 1. Rightward shift in the opioid dose-response curve in opioid-
tolerant animals relative to opioid-naive animals. 
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Analgesic Tolerance in Patients 
For certain nonanalgesic actions of opioids such as respiratory depression, somnolence, 
or nausea, the onset of tolerance is often prompt. By contrast, little or no clinical 
tolerance develops for opioid-induced constipation,7 and proactive bowel care is 
necessary upon commencing chronic opioid treatment. 

Increases in opioid dosing requirements during cancer pain may herald disease 
progression rather than true pharmacological tolerance.7 Indeed, most authors report no 
escalation of morphine dose requirement in such patients unless pain intensity 
increases.6,8-11 Additionally, clinical surveys of the long-term use of opioids in chronic 
noncancer pain12-14 indicate that pharmacological tolerance is not a significant 
determinant of opioid dosing requirements. 

Intriguingly, a recent study in patients without pain who received methadone as treatment 
for opioid dependence found marked tolerance to the analgesic actions of methadone, as 
well as pronounced cross-tolerance to morphine.15 The higher opioid requirements of 
highly tolerant patients treated for pain increase the likelihood of unpleasant nonanalgesic 
side effects due to greater circulating concentrations of opioids and potentially toxic 
opioid metabolites.16,17 Rather than increasing the dose of morphine to compensate for 
the high degree of cross-tolerance to morphine when analgesia is desired in methadone 
maintenance patients, an alternative is to rely on a nonopioid or an opioid that produces 
pain relief through a mechanism distinct from that of morphine or methadone. Although 
it is widely viewed as producing analgesia through the μ-opioid receptor, evidence from 
our laboratory indicates that oxycodone is also a k -opioid analgesic.18 Indeed, the recent 
finding that rats rendered tolerant to intravenous morphine completely lack cross-
tolerance to intracerebroventricular (i.c.v.) oxycodone19 suggests that oxycodone may be 
suitable for methadone maintenance patients at times when they require strong opioid 
analgesia. 

"Lack of Tolerance" in Cancer Pain versus "Marked Tolerance" in Methadone 
Maintenance 
One possible explanation for the dichotomy between the apparent lack of opioid 
analgesic tolerance in patients with persistent pain states versus the marked tolerance 
found in methadone maintenance patients15 is that persistent pain itself may activate 
"antitolerance" mechanisms. Another possibility is that one or more of the nonopioid 
adjuvant medications commonly taken by patients with persistent pain due to nerve or 
tissue injury may inhibit the cellular mechanisms responsible for the development of 
analgesic tolerance. Indeed, mechanisms that underlie the establishment and maintenance 
of persistent pain states appear to overlap with those proposed for morphine tolerance.2,4 
These mechanisms include: (1) an increase in the sensitivity of the N-methyl d-aspartate 
(NMDA) receptor,2,4 (2) an increase in spinal cord concentrations of dynorphin A,4 and 
(3) a decrease in the responsiveness of the μ-opioid receptor.4

Morphine-3-Glucuronide (M3G): Anti-analgesic and Neuroexcitant? 



More than half of each dose of morphine given systemically to rats or humans is 
metabolized to an analgesically inactive metabolite, morphine-3-glucuronide (M3G). 
Thus, morphine can be regarded as a prodrug for M3G. In humans, a further 10% of each 
morphine dose is metabolized to morphine-6-glucuronide (M6G), a potent analgesic (Fig. 
2).20 

 

  

Fig. 2. Morphine is metabolized to morphine-3-
glucuronide (M3G), an analgesically inactive 
metabolite, and morphine-6-glucuronide (M6G), 
a potent analgesic. 

  

  

M3G’s lack of pain-relieving effect is consistent with its lack of binding to opioid 
receptors.17 M3G is a potent neuroexcitant when administered by the i.c.v. route to 
rodents, evoking a range of excitatory behaviors including myoclonus, allodynia, wild-
running, and seizures.17 I.c.v. administration of M3G attenuates the antinociceptive 
effects of i.c.v. morphine21 and i.c.v. M6G,21-23 consistent with the view that M3G is an 
anti-analgesic. Indirect evidence in rats implicates M3G in the development of 
antinociceptive tolerance to systemically administered morphine.24-26 This view is 
supported by our recent studies using cultured fetal hippocampal neurons, showing that 
M3G indirectly activates NMDA receptors:27 a common pathway with morphine 
tolerance. Thus, it is plausible that clinical analgesic tolerance to morphine may, at least 
in part, result from an increasing accumulation of M3G in plasma and cerebrospinal fluid 
relative to morphine and M6G. 

NMDA-Receptor Cascade: Ca2 Influx, PKC Translocation, and NO Production 
Ca2 influx. Indirect NMDA-receptor activation, whether produced by chronic morphine 
administration or nerve or tissue injury, increases Ca2 influx into neurons. This influx is 
the key event responsible for subsequent translocation/activation of protein kinase C 
(PKC) from cytosol to cell membrane, increased intracellular NO production, and μ-
opioid-receptor hyporesponsiveness (Fig. 3). 
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Fig. 3. Schematic representation of mechanisms 
common to the development of tolerance to the 
pain-relieving effects of morphine and the 
development of hyperalgesia secondary to nerve 
and/or tissue injury. Abbreviations: CGRP = 
calcitonin-gene-related-peptide; IP3 = 
inositoltriphosphate; mGluR = metabotropic 
glutamate receptor; NK-1 = neurokinin-1 receptor; 
NMDA = N-methyl-d-aspartate; NO = nitric oxide; 
NOS = nitric oxide synthase; ONOO- = 
peroxynitrite; PARS = poly (ADP ribose) 
synthetase; PKC = protein kinase C; SP = 
substance P.  

PKC activation. PKC is not a single enzyme, but comprises at least a dozen isoforms.28 
Of these, PKCg is key to the development and maintenance of pathological pain states.2,29 
PKC phosphorylates numerous receptors and ion channels, including the μ-opioid 
receptor and the calcium channel associated with the NMDA receptor. PKC-mediated 
phosphorylation of the NMDA receptor expels the Mg2 ion that at rest blocks the Ca2 
channel. The unblocked channel no longer requires depolarization for activation,2 
resulting in a positive feedback loop of amplified NMDA-receptor responses and further 
activation of PKC. 

Phosphorylation of the μ-opioid receptor by PKC may uncouple the receptor from its G-
protein or alter the properties of its associated potassium channel.2 In either case, the 
result is reduced responsiveness of the μ-opioid receptor to exogenous opioid drugs, i.e., 
tolerance. Interestingly, a recent study2 has shown that activation of PKC decreases μ-
opioid-receptor mRNA levels, suggesting that PKC also inhibits μ-opioid-receptor 
turnover. The relationship between this effect and opioid tolerance remains to be 
determined. 

Administration of the GM1 ganglioside blocks both the translocation of PKC from 
cytosol to membrane and the development of analgesic tolerance to morphine. 
Additionally, GM1 ganglioside prevents the development of thermal hyperalgesia 
associated with morphine tolerance.30 Gangliosides are thought to inhibit neuronal 
responses to excitatory amino acids such as glutamate, so ganglioside treatment could 
provide a new approach to prevention of opioid tolerance and management of 
hyperalgesia seen in neuropathic pain syndromes. 

Activation of nitric oxide synthase (NOS). Three NOS enzymes have been cloned.31,32 
The predominant form in the CNS is neuronal NOS (nNOS), subdivided into nNOS1 and 
nNOS2.33,34 Behavioral studies in rodents indicate that nNOS1 (the predominant 
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supraspinal isoform) diminishes the antinociceptive actions of morphine, whereas nNOS2 
(the predominant spinal isoform) potentiates morphine antinociception. Nonselective 
NOS inhibitors, including NG-nitro-L-arginine (L-NNA), NG-monomethyl-L-arginine 
(L-NMMA), L-NG-nitro arginine methyl ester (L-NAME), and NG-nitro-L-arginine (L-
NOARG), generally slow or block antinociceptive tolerance to morphine,35-46 suggesting 
that nNOS1 plays an important role in this process. 

Peroxynitrite formation. Influx of Ca2 into neurons results in the production of superoxide 
from mitochondria. The simultaneous generation of NO and superoxide favors the 
production of peroxynitrite (ONOO-), a potent initiator of DNA strand breakage, which in 
turn initiates the activation of the nuclear repair enzyme, NO-activated poly- (ADP 
ribose) synthetase (PARS). Pronounced activation of PARS can result in cellular 
dysfunction and eventually a form of programmed cell death from impairment of 
mitochondrial respiration and depletion of cellular energy stores, and formation of so-
called "dark neurons."3 The development of dark neurons in the dorsal horn of the spinal 
cord is associated with both morphine tolerance and nerve injury.3 Opioid metabolites 
such as M3G, hydromorphone-3-glucuronide (HM3G), and codeine-6-sulfate also have 
dose-related excitotoxic effects. All produce neuroexcitatory behaviors in rodents 
following i.c.v. administration,18,47 with steep dose-response curves suggesting cell death, 
although this requires experimental confirmation. 

Spinal Dynorphin Release 
Increased expression of dynorphin in the spinal dorsal horn is consistently observed 
following chronic opioid administration. Likewise, much evidence implicates spinal 
dynorphin in the development of enhanced nociceptive sensitivity48,49 that exaggerates 
antinociceptive tolerance to opioids.4 Although dynorphin A was originally identified as 
an endogenous antinociceptive and analgesic molecule (a k -opioid agonist),50 more 
recent studies indicate that dynorphin has significant pronociceptive activity that is not 
mediated by opioid receptors.4,51 Spinal administration of dynorphin antiserum (but not 
control serum) blocks the expression of abnormal pain behavior and the development of 
antinociceptive tolerance in rodents dosed chronically with opioids.4 Precisely how 
increased spinal dynorphin expression promotes pain and opioid tolerance is unclear.4 
However, electrophysiological evidence indicates that dynorphin A(1–17) and its excitatory 
metabolites interact with a glycine-binding site on the NMDA receptor and with the 
glycine residues in positions 2 and/or 3.52 Another possibility is that dynorphin A and its 
excitatory fragments promote the presynaptic release of one or more nociceptive 
neurotransmitters such as glutamate, substance P, or calcitonin gene-related peptide 
(CGRP).4 Whatever mechanism is involved, therapeutic strategies to diminish dynorphin 
release in the spinal cord could enhance opioid analgesic sensitivity in pathological pain 
states and reduce the development of antinociceptive tolerance. 

Anti-opioid Peptides 
The antinociceptive effects of morphine are opposed by a number of endogenous 
peptides, termed anti-opioids, that are released in response to the administration of an 
opioid. Neuropeptides shown to have anti-opioid activity in behavioral studies in rodents 
include vasopressin, oxytocin,53 nociceptin,54,55 neuropeptide FF (NPFF),56,57 and 



cholecystokinin (CCK).58-61 The precise contributions of each of these anti-opioids to 
analgesic tolerance remain to be clarified. 

Opioid Receptor Involvement in Tolerance Development 
Mu-opioid receptor. PKC is not the only enzyme capable of phosphorylation and 
desensitization of μ-opioid receptors. Two G-protein-coupled receptor kinases, β-
adrenergic receptor kinase 2 and β-arrestin 2, also synergistically desensitize μ-opioid 
receptors.62 Furthermore, knockout mice that lack β-arrestin 2 display neither μ-opioid-
receptor desensitization nor tolerance to the antinociceptive effects of chronically 
administered morphine.62 The relationships between the latter two mechanisms and PKC 
remain to be determined. 

Delta-opioid receptor. Several studies indicate that activation of the δ2 opioid receptor 
subtype is required for the development of both antinociceptive tolerance to morphine 
and supersensitivity (i.e., enhanced morphine potency following chronic antagonist 
exposure).63-66 For example, tolerance to the antinociceptive effects of morphine is 
attenuated in mice and rats by (1) naltrindole and naltrindole 5’isothiocyanate (5’-NT11), 
both selective agonists at the δ2 opioid receptor; (2) i.c.v. administration of antisense 
oligonucleotides that inhibit expression of the cloned δ-opioid receptor (DOR-1); and (3) 
deletion for the gene for DOR-1 (i.e., knockout mice).64-68

Additionally, simultaneous administration of morphine at supraspinal and spinal levels 
produces antinociceptive synergy,69 a phenomenon attributed to formation of a functional 
μ/δ-opioid-receptor complex.69 However, this hypothesis requires confirmation in δ-
opioid-receptor knockout mice. 

Conclusion 
Many distinct pharmacological agents attenuate or block the development of 
antinociceptive tolerance to morphine: NMDA antagonists, NOS inhibitors, substance P 
antagonists, CGRP antagonists, PKC inhibitors, Ca2 channel blockers, and dynorphin 
antiserum. These diverse targets are interrelated components of a complex cascade, 
replete with parallel redundancies to ensure "fail-safe" signaling.70 The initiating event(s) 
in the development of analgesic tolerance remain to be elucidated. One would expect, and 
clinical experience confirms, that patients with nerve injury require higher morphine 
doses because nerve-injury-evoked hyperalgesia mimics analgesic tolerance. 
Coadministration of "anti-hyperalgesic" adjuvant medications together with an opioid 
such as morphine would appear to be an attractive strategy to reduce analgesic tolerance 
and alleviate nerve injury pain, while reducing opioid-related neuroexcitatory side 
effects. Rigorous clinical trials will be required to translate preclinical findings and guide 
selection of "anti-hyperalgesic" adjuvant drugs in the clinic.71 

Further study is needed to explain the dichotomy between the apparent lack of opioid 
analgesic tolerance in patients with persistent pain states versus the marked analgesic 
tolerance found in patients receiving methadone maintenance therapy15 or easily induced 
in preclinical studies of intact rodents. Methadone has weak,72 naloxone-reversible73 
NMDA-antagonist activity that appears to be overcome by NMDA activation during 



chronic exposure to a μ-opioid agonist in the absence of pain. Whether pathological pain, 
such as that associated with cancer and/or nerve or tissue injury, activates an endogenous 
“antitolerance” mechanism remains to be addressed. Patients with chronic cancer or 
noncancer pain often receive multiple drugs for disorders related or unrelated to their 
pain. These other pharmacological agents may well affect the biochemical mechanisms of 
tolerance development. Improved drugs might forestall the development of analgesic 
tolerance while ensuring that the nociceptive signaling apparatus remains in its "normal" 
state. Much remains for future investigation. 

References  

1. World Health Organization. Cancer Pain Relief Program. Geneva: WHO, 1986. 
2. Mao J. Brain Res Rev 1999; 30:289-304. 
3. Mayer DJ, et al. Proc Natl Acad Sci USA 1999; 96:7731-7736. 
4. Vanderah TW, et al. Pain 2001; 92:5-9. 
5. Foley KM. Neurol Clin 1993; 11:503-522. 
6. Jaffe JH, Martin WR. In: Gilman AG et al. (Eds). Goodman and Gilman’s The Pharmacological Basis of 
Therapeutics, 8th ed. New York: Pergamon Press, 1990, pp 485-521. 
7. Cherny NI, Portenoy RK. In: Wall PD, Melzack R (Eds).Textbook of Pain, 4th ed. Churchill 
Livingstone, 1999, 
pp 1490-1491. 
8. Coyle N. Cancer 1989; 63(Suppl 11):2289-2293. 
9. Collin E, et al. Pain 1993; 55:319-326. 
10. Collett BJ. Br J Anaesth 1998; 81:58-68. 
11. Kloke M, et al. Support Care Cancer 2000; 8:479-486. 
12. France RD, et al. Soc Sci Med 1984; 19:1379-1382. 
13. Tennant F, Jr, et al. NIDA Res Monogr 1988; 81:174-180. 
14. Zenz M, et al. J Pain Symptom Manage 1992; 7:69-77. 
15. Doverty M, et al. Pain 2001; 93:155-163. 
16. Mercadante S. Anesth Analg 1995; 81:1307-1308. 
17. Smith MT. Clin Exp Pharmacol Physiol 2000; 27:524-528. 
18. Ross FB, Smith MT. Pain 1997; 73:151-157. 
19. Nielsen CK, et al. J Pharmacol Exp Ther 2000; 295:91-99. 
20. Milne RW, et al. Drug Metab Rev 1996; 28:345-472. 
21. Smith MT, et al. Life Sci 1990; 47:579-585. 
22. Gong QL, et al. Pain 1992; 48:249-255. 
23. Faura CC, et al. Pain 1996; 24:251-257. 
24. Ekblom M, et al. J Pharmacol Exp Ther 1993; 266:244-252. 
25. Smith GD, Smith MT. Pain 1995; 62:51-60. 
26. South SM, et al. J Pharmacol Exp Ther 2001; 297:446-457. 
27. Hemstapat K, et al. In: Proceedings of the 22nd National Scientific Meeting of the Australian Pain 
Society, 2001, pp 39-40. 
28. Way KJ, et al. Trends Pharmacol Sci 2000; 21:181-187. 
29. Basbaum AI. Proc Natl Acad Sci USA 1999; 96:7739-7743. 
30. Mayer DJ, et al. Pain 1995; 61:365-374. 
31. Snyder SH, Bredt DS. Trends Pharmacol Sci 1991; 12:125-128. 
32. Snyder SH., Bredt DS. Sci Am 1992; 266:68-71. 
33. Bredt DS, et al. Nature 1990; 347:768-770. 
34. Bredt DS, Snyder SH. Neuron 1992; 8:3-11. 
35. Kolesnikov YA, et al. Eur J Pharmacol 1992; 221:399-400. 
36. Kolesnikov YA, et al. Proc Natl Acad Sci USA 1993; 90:5162-5166. 
37. Babey AM, et al. Neuropharmacology 1994; 33:1463-1470. 
38. Elliott K, et al. Pain 1994; 56:69-75. 
39. Majeed NH, et al. Neuropharmacology 1994; 33:189-192. 



40. Bhargava HN. Gen Pharmacol 1995; 26:1055-1060. 
41. Pasternak GW, et al. Neuropsychopharmacology 1995; 13:309-313. 
42. Pasternak GW. NIDA Res Monogr 1995; 147:182-194. 
43. Vaupel DB, et al. Psychopharmacology (Berl) 1995; 118:361-368. 
44. Zhao GM, Bhargava HN. Peptides 1996; 17:233-236. 
45. Bhargava HN, et al. Peptides 1997; 18: 797-800. 
46. Elliott J, et al. Br J Pharmacol 1997; 121:1422-1428. 
47. Zuckerman A, et al. Brain Res 1999; 842:1-5. 
48. Malan TP, Jr, et al. Pain 2000; 86:185-194. 
49. Wang Z, et al. J Neurosci 2001; 21:279-286. 
50. Goldstein A, et al. Proc Natl Acad Sci USA 1979; 76:6666-6670. 
51. Ossipov MH, et al. J Pharmacol Exp Ther 1996; 277:784-788. 
52. Zhang L, et al. J Neurophysiol 1997; 78:582-590. 
53. Bodnar RJ, et al. Int J Neurosci 1984; 24:149-160. 
54. Mogil JS, et al. Neuroscience 1996; 75:333-337. 
55. Tian JH, et al. Br J Pharmacol 1997; 120:676-680. 
56. Devillers JP, et al. Neuropharmacology 1994; 33:661-669. 
57. Oberling P, et al. Peptides 1993; 14:919-924. 
58. Itoh S, et al. Eur J Pharmacol 1982; 80:421-425. 
59. Wiesenfeld-Hallin Z, Duranti R. Peptides 1987; 8:153-158. 
60. Hill DR, Woodruff GN. Brain Res 1990; 526:276-283. 
61. Tang NM, et al. Pain 1997; 71:71-80. 
62. Kovoor A, et al. J Biol Chem 1999; 274:6831-6834. 
63. Rothman RB, et al. Peptides 1991; 12:151-160. 
64. Kest B, et al. Brain Res Bull 1996; 39:185-188. 
65. Kest B, et al. J Pharmacol Exp Ther 1997; 283:1249-1255. 
66. Zhu Y, et al. Neuron 1999; 24:243-252. 
67. Miyamoto Y, et al. J Pharmacol Exp Ther 1993; 264:1141-1145. 
68. Hepburn MJ, et al. J Pharmacol Exp Ther 1997; 281:1350-1356. 
69. He L, Lee NM. J Pharmacol Exp Ther 1997; 280:1210-1214. 
70. McCormack K. Pain: Clin Updates 1999; VII(3). 
71. Jadad AR, Cepeda MS. Pain: Clin Updates 1999; VII(2). 
72. Davis AM, Inturrisi CE. J Pharmacol Exp Ther 1999; 289:1048-1053. 
73. Carpenter KJ, et al. Eur J Pain 2000; 4:19-26. 

Samantha M. South, PhD 
Department of Pharmacology 
Weill Medical College 
Cornell University 
New York, NY 10021, USA 
Tel: 1-212-746-6532 
Fax: 1-212-746-8835 
Email: samanthasouth@yahoo.com 

Maree T. Smith, PhD 
School of Pharmacy 
The University of Queensland 
St Lucia, Brisbane, Queensland 4072 
Australia 
Tel: 61-7-33652554 
Fax: 61-7-33651688 
Email: m.smith@pharmacy.uq.edu.au

IASPP

® was founded in 1973 as a nonprofit organization to foster and encourage research on pain 
mechanisms and pain syndromes, and to help improve the care of patients with acute and chronic pain. 

mailto:m.smith@pharmacy.uq.edu.au


IASP brings together scientists, physicians, dentists, nurses, psychologists, physical therapists, and other 
health professionals who have an interest in pain research and treatment. Information about membership, 
books, meetings, etc., is available from the address below or on the IASP web page: 
www.halcyon.com/iasp. Free copies of back issues of this newsletter are available on the IASP web page. 

Disclaimer: Timely topics in pain research and treatment have been selected for publication but the 
information provided and opinions expressed have not involved any verification of the findings, 
conclusions, and opinions by IASP. Thus, opinions expressed in Pain: Clinical Updates do not necessarily 
reflect those of IASP or of the Officers or Councillors. No responsibility is assumed by IASP for any injury 
and/or damage to persons or property as a matter of product liability, negligence, or from any use of any 
methods, products, instruction, or ideas contained in the material herein. Because of the rapid advances in 
the medical sciences, the publisher recommends that there should be independent verification of diagnoses 
and drug dosages. 

Copyright © 2001, International Association for the Study of Pain®. All rights reserved. ISSN 1083-0707. 

EDITORIAL BOARD

Editor-in-Chief: Daniel B. Carr, MD, Internal Medicine, Endocrinology, Anesthesiology, USA  
Advisory Board:  
Lar Arendt-Nielsen, PhD, Neurophysiology, Denmark 
Kay Brune, MD, Pharmacology, Germany  
James R. Fricton, DDS, MS, Dentistry, Orofacial Pain, USA  
Victoria R. Harding, MCSP, SRP, GradDipPhys, Physical Therapy, United Kingdom  
Alejandro R. Jadad, MD, PhD, Anesthesiology, Evidence-Based Medicine and Consumer Issues, Canada  
Irena Madjar, RGON, PhD, Nursing, Australia  
Patricia A. McGrath, PhD, Psychology, Pediatric Pain, Canada  
Bengt H. Sjolund, MD, PhD, Neurosurgery, Rehabilitation, Sweden  
Masaya Tohyama, MD, PhD, Molecular Biology, Japan  
Production Editor: Elizabeth Endres  
 
 
 


	           Volume IX, No. 5                                                            December 2001

