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Repeated use of opiate analgesic drugs such as morphine for the relief of chronic pain may result in the development of
opiate tolerance and dependence, leading to a narrowing of the drug’s therapeutic index and increased side effects.
Previous preclinical work has shown that interruption of a signaling cascade involving the N-methyl-D-aspartate receptor
and NO prevents morphine tolerance. In this issue of the JCI, Muscoli and colleagues extend our understanding of the
role of NO in tolerance by demonstrating that, in mice, tolerance to chronic morphine administration is associated with NO
conversion to peroxynitrite, which accumulates and nitrates tyrosine moieties within various proteins in the spinal cord
(see the related article beginning on page 3530). This and other data suggest that peroxynitrite plays a role in opiate
tolerance and that regulation of peroxynitrite may be utilized for the management of opiate-induced tolerance.
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Repeated	use	of	opiate	analgesic	drugs	such	as	morphine	for	the	relief	of	
chronic	pain	may	result	in	the	development	of	opiate	tolerance	and	depen-
dence,	leading	to	a	narrowing	of	the	drug’s	therapeutic	index	and	increased	
side	effects.	Previous	preclinical	work	has	shown	that	interruption	of	a	sig-
naling	cascade	involving	the	N-methyl-D-aspartate	receptor	and	NO	pre-
vents	morphine	tolerance.	In	this	issue	of	the	JCI,	Muscoli	and	colleagues	
extend	our	understanding	of	the	role	of	NO	in	tolerance	by	demonstrating	
that,	in	mice,	tolerance	to	chronic	morphine	administration	is	associated	
with	NO	conversion	to	peroxynitrite,	which	accumulates	and	nitrates	tyro-
sine	moieties	within	various	proteins	in	the	spinal	cord	(see	the	related	
article	beginning	on	page	3530).	This	and	other	data	suggest	that	peroxyni-
trite	plays	a	role	in	opiate	tolerance	and	that	regulation	of	peroxynitrite	
may	be	utilized	for	the	management	of	opiate-induced	tolerance.

With the recognition of the importance of 
pain control in recent years and its desig-
nation as the “fifth vital sign” has come 
a marked expansion in opiate use, includ-
ing the use of high doses in patients with 
refractory malignant and nonmalignant 
pain.  Since  there  is  no  ceiling  effect  to 
opioid analgesia, doses can be increased 
to  overcome  tolerance  or  the  inherent 
insensitivity of some pain types  to opi-
ate analgesics. In clinical practice, doses 
are progressively increased until the pain 
is controlled, but dose escalation is often 
limited by side effects such as sedation, 
confusion,  constipation,  or  respiratory 
depression. Although tolerance develops 
to these side effects, it may not develop as 
quickly or to as great an extent as it does 
to analgesia, leading to a narrowing of the 
therapeutic index. It has been suggested 
that preventing tolerance would enable 
the use of lower opiate doses and avoid or 
minimize these side effects.

Opioid  tolerance  was  considered  an 
undesired  and  unavoidable  result  of 
chronic dosing until  recent discoveries 
in animal models  found that  tolerance 
could be prevented without  interfering 
with analgesia (1, 2). However, these same 
observations have not yet been fully con-
firmed clinically. Clinical pain is difficult 
to study due to inherent problems in the 
quantification of pain and pain relief, the 

influence  of  emotional  and  non-noci-
ceptive factors in its perception, and the 
wide range of sensitivity of  individuals 
to pain and to opiates. Tolerance has an 
additional disadvantage in that it is often 
difficult to dissociate disease progression 
from tolerance when assessing the need 
for  dose  escalation.  In  cancer  patients 
on stable doses of opiates for extended 
periods, the need to escalate the dosage 
is more often due to disease progression 
than the sudden appearance of tolerance 
(3–5). Much of the clinical literature on 
tolerance is anecdotal, and there is some 
controversy about its significance. Critics 
of tolerance point out the ability to main-
tain patients with malignant (3, 4) and 
nonmalignant  (6) pain on stable doses 
of opioids for extended periods of time. 
However, maintaining patients on stable 
doses  for  prolonged  periods  doses  not 
necessarily indicate the absence of toler-
ance. Many of these patients take opiates 
at doses significantly higher than those 
used in naive patients, implying that they 
are indeed tolerant. Rather, these observa-
tions imply that tolerance may not neces-
sarily be a continually escalating process 
and patients may achieve a steady state, or 
equilibrium level, of tolerance (Figure 1).

Contributions to opioid tolerance
The  first  studies  exploring  tolerance 
at  the  molecular  level  focused  upon 
transduction  systems,  with  the  pro-
posal by Collier that chronic morphine 
treatment  led  to  “hypertrophy”,  or 
upregulation, of adenylyl cyclase activ-
ity to overcome its inhibition by opiates 

(7). He then suggested that withdrawal 
resulted  from  a  rebound  in  adenylyl 
cyclase activity resulting from the loss of 
inhibition, following the discontinuation 
of the opioid or the administration of an 
antagonist. Unfortunately, tolerance has 
proven to be far more complex, involving 
factors at the level of the drug receptor, 
the cell, and the integrated nervous sys-
tem (see “Sites of modulation of opioid 
tolerance”). Desensitization and traffick-
ing of a drug’s receptor have been impli-
cated in tolerance, as have a number of cel-
lular factors such as G-protein regulation, 
regulator of G-protein signaling proteins, 
and both adenylyl and guanylyl cyclase. 
Perhaps the most complex aspect of toler-
ance involves its modulation by a number 
of neurotransmitter systems,  including 
the enkephalins and the δ opioid recep-
tor. Even drug disposition is important 
(8–10).  Loss  of  P-glycoprotein  impairs 
the blood-brain barrier and prevents the 
development of tolerance, while chronic 
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Figure 1
Hypothetical models of drug tolerance. In 
drug tolerance, increased amounts of drug 
are needed to maintain an effect. In the clini-
cal setting, many patients with malignant pain 
stabilize their dose over prolonged periods of 
time, with the need for further increases due 
to the progression of their underlying disease 
process. Tolerance is often considered as a 
progressive effect, in which drug doses need 
to be continually escalated. However, clinical 
observations suggest that in many situations 
tolerance can achieve a steady-state in which 
stable doses of drug are sufficient for extend-
ed periods of time.



commentaries

3186	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 11      November 2007

morphine treatment upregulates P-gly-
coprotein levels in the brain, leading to 
lower morphine brain levels and a dimin-
ished response (9, 10). Although all these 
systems  have  been  extensively  studied, 
rarely have any taken into consideration 
the potential role of the others. Thus the 
study of opioid tolerance is like the adage 
of the three blind men trying to define an 
elephant. Each feels a different part of the 
animal, with one calling it a snake after 
feeling the trunk, another describes it as a 
wall after feeling its side, and yet another 
saying it is like a tree after feeling the leg. 
Ultimately, we need to step back and inte-
grate all of these mechanisms into a uni-
fied model of tolerance in order to obtain 
the whole picture.

NMDA receptor/NO cascade and 
opioid tolerance
The modulatory neurotransmitter circuits 
offer  particularly  useful  pharmacologi-
cal targets. The most intensively studied 
system is the glutamate/NMDA/NO cas-
cade (Figure 2). The importance of NMDA 
receptors in tolerance was first recognized 

over 15 years ago (11, 12) and was followed 
almost immediately by the discovery of a 
role for NO in morphine tolerance (13, 14)  
(see  “Selected  tolerance-related  actions 
of NO”). Since these initial observations, 
many  laboratories  have  confirmed  the 
importance of the glutamate system and 
NO in opioid tolerance using a vast array 
of NMDA antagonists and neuronal NOS 
(nNOS) inhibitors (15, 16). There is even a 
mouse strain that does not develop toler-
ance to morphine due to a deficit at the 
level of the NMDA receptor (17), illustrat-
ing the potential importance of the genetic 
background  of  patients  in  the  clinical 
development of tolerance.

Despite the extensive literature over the 
past 15 years documenting the importance 
of NO in morphine tolerance, its molecular 
actions remain unclear. NO is an uncharged 
free radical gas, making it unique in the 
realm of neurotransmitters (18). It can read-
ily diffuse through membranes and there-
fore can chemically attack many targets. It 
is synthesized upon demand since it cannot 
be stored, and its selectivity among targets 
is likely due to limiting its site of action by 
very localized stimulation of its synthetic 
enzyme NOS. One of the first NO actions 
identified was its ability to stimulate cGMP 
formation by binding to the heme moiety 
in the enzyme guanylyl cyclase, but it also 
will interact with other heme-containing 
proteins.  NO  is  chemically  reactive  and  
S-nitrosylates  a  wide  range  of  proteins 
under physiological conditions, including 
both subunit 1 and subunit 2 of the NMDA 
receptor (19) (see “Selected tolerance-relat-
ed actions of NO”).

In their study in the current issue of the 
JCI (20), Muscoli and coworkers explore 
another mechanism of NO action in which 
exposure of NO to superoxide generates 
peroxynitrite, which then nitrates tyrosine 
residues. Using a murine model of chronic 
morphine administration, these authors 
confirmed the ability of the NO synthase 
inhibitor l-NAME to prevent morphine-
induced tolerance and then demonstrat-
ed  a  similar  effect  with  the  superoxide 
scavenger  MnTBAP3–,  consistent  with 
a  role  for  peroxynitrite  in  the  develop-
ment of morphine tolerance. Evidence for 
this  proposed  role  of  peroxynitrite  was 
strengthened by their observation of the 
accumulation of nitrotyrosine immuno-
reactivity in the dorsal horn of the spinal 
cord, a region important in opioid action. 
Immunoprecipitation followed by western 
blots revealed the presence of nitrotyrosine 

in mitochondrial superoxide dismutase, 
the  glutamate  transporter  GLT-1,  and 
the enzyme glutamine synthase following 
chronic morphine administration — pro-
teins important in glutamate actions and 
in the regulation of superoxide formation. 
The same paradigms that blocked toler-
ance in vivo diminished the nitration of 
these proteins, as did inducing the decom-
position of peroxynitrite.

These are interesting studies in that they 
provide a strong association between mor-
phine tolerance and the nitration of tyrosine 
residues in a number of proteins associated 
with the glutamate/NMDA receptor/NO 
signaling cascade. However, establishing a 
causal relationship is not simple. Although 
blocking NO production prevents  toler-
ance, not all NO is involved in tolerance. 
In fact, NO also enhances opioid analgesia 
(21). Neuronal NOS undergoes splicing. 
Although the predominant splice variant is 
involved in the development of morphine 
tolerance, a second splice variant, lacking 
exons 9 and 10, generates NO that has an 
opposite effect in vivo, facilitating analgesia, 
presumably through different targets (21). 
This may make it difficult to separate NO 
targets important in tolerance as opposed 
to those important to analgesia.

Figure 2
Schematic of the NMDA receptor/NO cascade 
in opioid tolerance. Activation of the NMDA 
receptor by glutamate induces the activation 
of NO synthase, which in turn synthesizes NO. 
As a gas, NO cannot be stored and immedi-
ately diffuses through membranes. NO will 
complex with heme-containing proteins such 
as guanylyl cyclase, which is then activated. It 
will also S-nitrosylate proteins, including sub-
unit 1 and subunit 2 of the NMDA receptor. 
Finally, when exposed to superoxide, which 
is generated by superoxide dismutase, NO is 
converted to peroxynitrite, which will nitrate 
tyrosine residues within proteins, including the 
glutamate transporter GLT-1 and the enzyme 
glutamine synthase, as shown in the report 
in this issue from Muscoli et al. (20). Thus all 
three of these putative mechanisms of NO 
action may be involved in the development of 
opioid tolerance.

Sites of modulation of opioid 
tolerance

Receptor
 Desensitization
 Internalization/trafficking

Transduction systems
 Adenylyl cyclase
 G protein regulation
 RGS proteins
 Guanylyl cyclase

Neurotransmitters and their 
circuits
 Cholecystokinin
 δ Opioid receptor
 Enkephalin
 Glutamate transporter GLT-1
 Glutamine synthase
 Neuropeptide FF
 NO
 NMDA receptors/glutamate
 Orphanin FQ/nociceptin
 Superoxide dismutase

Pharmacokinetic
 P-glycoprotein

RGS, regulator of G-protein signaling.



commentaries

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 11      November 2007  3187

It also is  important to integrate these 
findings with the prior observation that 
blockade of guanylyl cyclase also prevents 
morphine tolerance (22) and the demon-
stration that two different subunits of the 
NMDA receptor are endogenously S-nitro-
sylated in the brain (19). Any or all of these 
mechanisms of NO action may be impor-
tant in opioid tolerance. The challenge in 
the future will be to establish causal rela-
tionships for these mechanisms. Muscoli 
and colleagues have provided strong evi-
dence correlating the generation of nitro-
tyrosine proteins in morphine tolerance, 
and this needs to be examined further (18). 
The potential involvement of proinflam-
matory cytokines and the nuclear enzyme 
poly(ADP-ribose)  polymerase,  as  sug-
gested by these authors, seems more tenu-
ous, but certainly deserving of additional 
investigation. The involvement of so many 
diverse components in the expression of 

morphine tolerance makes development 
of a comprehensive, integrated model dif-
ficult. However, this diversity also expands 
the number of potential pharmacological 
targets  and  will  hopefully  lead  to  new 
therapies to facilitate the use of opioids in 
the management of chronic pain.
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