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2.1 INTRODUCTION
Opioids induce respiratory depression.1 Morphine, however, remains the gold standard 
for the treatment of postoperative pain and opioids such as the fentanyl derivatives are 
widely used as part of anesthetic procedures. Although the overall risk of postoperative 
respiratory depression is relatively low with an estimated total incidence of respiratory 
events in the range of 0.5 to 2%,1 it is nevertheless wise to remember that the first 24 hours 
after surgery represent a high risk period for a respiratory event as a result of opioid use,2 
that fatal outcomes to respiratory depression may occur3 and that this risk is exacerbated 
in some patient groups.1-4 Similarly, opioid-induced respiratory depression in chronic 
opioid treatment remains rarely reported and is most probably grossly underreported.4 

Effective rescue treatment, usually with naloxone, is available to reverse opioid-induced 
respiratory events, particularly in an emergency setting. However, naloxone antagonizes 
both opioid-induced respiratory depression and analgesia. Consequently, pain 
management during crisis recovery of hypoventilation/apnea will be compromised. There 
are clear advantages, therefore, in the design and availability of drugs that antagonize the 
respiratory depressant effects of opioids without decreasing their analgesic actions. 
Opioid-induced analgesia and respiratory depression arise from stimulation of μ-opioid 
receptors (MORs). MORs are expressed on neurons involved in the control of breathing, 
primarily located in the brainstem. Opioid-induced breathing alterations are complex, but 
may be characterized by an increase in arterial carbon dioxide concentration (hypercapnia) 
and reduction in tidal and minute volume. Respiration becomes slow, irregular (with 
hypercapnia and hypoxia,5 and eventually fatal apnea may occur. The respiratory 
centers responsible for these complex events are many and varied.6 The main drive for 
respiration is located in the brainstem, particularly in the respiratory rhythm generating 
areas such as the pre-Bötzinger complex (although this area has not been identified in 
humans), which is active during inspiration and is opioid-sensitive,7 in association with 
the retro-trapezoid and parafacial respiratory groups (which are active in expiration and 
are insensitive to opioids), together with input from other brain areas and tonic drive from 
multiple chemoreceptor areas in the lower brainstem.6  Opioid-receptors responsible for 
respiratory depression are abundant at a number of anatomical loci within the respiratory 
centers, particularly at the pre-Bötzinger complex.6,7 
The current review will address opioid receptor-mediated respiratory depression, its 
reversal by naloxone and, in particular, some possibilities into mechanisms and drug 
prospects that may inhibit opioid-induced respiratory depressant effects, without 
reducing analgesia. 

2.2 THE ROLE OF OPIOID RECEPTORS IN RESPIRATORY DEPRESSION
Opioids exert their pharmacological effects through interactions with multiple opioid 
receptors, initially classified as μ-, κ- and δ-opioid receptors,8 to which the non-classical 
nociceptin receptor (nociceptin/orphanin FQ peptide receptor) may be added.9 Opioid 
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receptors are members of a large seven trans-membrane superfamily of G-protein coupled 
receptors (GPCRs). Opioid ligand attachment to the receptor results in binding of the 
Gi/o protein and formation of a Gαi-guanosine tri-phosphate (GTP) complex, which is 
primarily responsible for perhaps the best known opioid intracellular pathway, inhibition 
of adenylyl cyclase and reduction of intracellular cyclic adenosine mono-phosphate 
(cAMP) levels, resulting in changes in membrane currents and inhibition of transmitter 
release. Various other intracellular signaling pathways may also be activated by opioid 
binding (such as the MAPK/ERK (microtubule-associated protein kinase/extracellular 
signal-regulated kinase) and Akt (Protein Kinase B)), which may result in activation or 
inhibition of many cellular proteins and signaling mechanisms that lead to different 
biological outcomes.10,11 
Pharmacodynamic responses to opioid stimulation depend on the nature of the receptor 
and the affinity and efficacy of the opioid for that receptor. The common properties of 
morphine, for example, are attributable to binding and activation of the MOR12 and 
result in morphine-induced actions such as analgesia, respiratory depression, sedation, 
euphoria, constipation, vomiting and nausea. MORs are located in the central nervous 
system in centers associated with pain13 and stimulation induces strong analgesia. With 
regard to respiration, MORs are found in abundance in respiratory control centers in the 
pons and brainstem (see above and 6,7).
Using the more recent techniques of gene knockout studies, a link between MOR-
induced analgesia and respiratory depression has been demonstrated clearly; in MOR 
knockout mice the administration of morphine or other MOR agonists, failed to induce 
both antinociception and respiratory depression.14,15 Hence all known MOR agonists, 
such as morphine, fentanyl, hydromorphone etc., induce potentially both analgesia and 
respiratory depression. To investigate whether opioid analgesic drugs without respiratory 
depressant effects may be developed, there has been interest over many years in opioid 
agonist ligands specific for κ- and δ-opioid receptors.16,17 However, the development of 
analgesic agents acting at these opioid receptors has been limited by the association of 
such ligands with serious adverse events other than respiratory depression. For example 
ligands at the κ-opioid receptor may cause psychotomimetic and dysphoric effects,18,19 

ligands at the δ-opioid receptor may cause convulsions.25 Further development of 
therapeutically useful drugs acting at these opioid receptors still may be possible, for 
example (dimeric) peptides to act as multiple opioid ligands (e.g., δ-κ ligands).21,22 
Although MOR-induced analgesia invariably has the potential to also induce respiratory 
depression, there has been much speculation whether different opioids, dose regimens, 
routes of administration and other measures may separate these μ-opioid properties. 
Although naloxone is a competitive antagonist at the MOR and its administration may 
normally reverse both respiratory depression and analgesia, in clinical practice, the 
judicial use of naloxone titration may be used to selectively reverse respiratory effects, 
rather than analgesic effects, since respiratory depression may occur at a higher degree of 



CHAPTER 2

20

receptor occupancy than necessary for some degree of analgesia.1,23 
The possibility that MOR subtypes may exist and hence that subtype selective opioid 
ligands could allow separation of respiratory depression and analgesia, was supported 
by studies in which separation of these morphine-induced actions in rats was achieved 
with the use of the antagonist naloxonazine.24 In these studies, two receptor subtypes, 
μ1- and μ2-opioid receptors, were described; the μ1-opioid receptor was held responsible 
for the analgesic effects and the μ2-opioid receptor for respiratory depressant effects.19 
Naloxonazine showed selective antagonism of μ1-opioid receptor sites.24  Some separation 
of μ-opioid-induced analgesic and respiratory depressant effects has also been shown 
with the metabolite of morphine, morphine-6-glucuronide (M6G), which like its parent 
molecule morphine is a potent MOR agonist.25 In experimental human and clinical studies 
M6G induces less respiratory depression than morphine at equianalgesic doses.26-28 This 
selectivity of action has been attributed to selective effects on MOR subtypes, since some 
receptor binding studies have shown M6G to have a lower affinity for the μ2-opioid 
receptor compared to the μ1-opioid receptor.29, 25 An affinity profile for M6G of μ1 > μ2, 
therefore, may be expected to demonstrate a profile of analgesia with less respiratory 
effect than morphine. A note of caution is necessary, however, μ1- and μ2-opioid receptor 
subtypes have not been formally recognized;30 sufficiently selective ligands to define 
the μ1- and μ2 receptor subtypes, correlation with identified MOR splice variants and 
adequate experiments in humans are lacking so far. 
Apart from opioid receptor selectivity, the pharmacokinetics (PK) and pharmacodynamics 
(PD) of different opioids will also play a significant role in determining the actions of an 
opioid in vivo. Indeed, PK-PD human studies and modeling is proving of great value in 
further understanding and subsequently choosing of opioids for clinical use.1,28,31-32 

2.2.1 FULL OPIOID AGONISTS

Many of the common opioids in therapeutic use for pain management, such as morphine 
and its derivatives, and fentanyl and its congeners, are full agonists at the MOR. Acting 
at the MOR, all opioid agonists may induce respiratory depression over some part of 
their dose-response range, particularly at high doses. In vitro and in vivo studies show 
that full agonists at the MOR display relatively fast association and dissociation to and 
from the receptor.33-34 For rapidly acting drugs like fentanyl, the in vivo rate constants 
for receptor association and dissociation are fast relative to their PK in brain and plasma, 
indicating that in vivo binding to, and dissociation from, the MOR occurs essentially 
instantaneously.34 When considering the time courses of opioid-induced biological 
effects, including respiratory effects, association/dissociation from the receptor is not the 
rate determining factor and neither are the rates of drug removal from the plasma, since 
these opioids undergo rapid metabolism. The most important factor for opioid agonists in 
determining the link between plasma concentration and respiratory depressant outcome, 
as demonstrated by mechanism-based PK-PD modeling in humans, is the rate of transfer 



NON-ANALGESIC EFFECTS OF OPIOIDS: OPIOID-INDUCED RESPIRATORY DEPRESSION

20 21

of a drug from the plasma to an effect (i.e. a receptor containing) compartment.28,31,34 
A schematic diagram of the relationship between biophase kinetics, receptor kinetics 
and outcome is shown in Fig 1. For opioid agonists with a fast rate of transfer, such as 
remifentanil, alfentanil and fentanyl, the half-life for the transfer of drug from plasma to 
receptor site (t½ke0) is short. For example, t½ke0 estimates from opioid-induced changes in 
electroencephalographic activity range from 0.8 to 1.3 min for remifentanil, 0.6 to 1.3 min 
for alfentanil and 4.7 to 6.6 min for the fentanyl.34 As a result of the fast rate of transfer, 
biological effects will commence rapidly, whilst they may be more delayed for opioid 
agonists like morphine with slower rates of drug transfer to the effect compartment (e.g., 
t½ke0 estimates from morphine-induced miosis: 2.8– 3.9 h).31 A consequence of the rapid 
transfer and immediate association of potent opioids (like fentanyl) to the MOR is that 
infusion of a high intravenous dose may lead to a rapid onset of dangerous levels of 
respiratory depression and apnea before arterial carbon dioxide concentration may rise 
sufficiently to stimulate breathing.35 Such rapid respiratory effects may be less evident if 
the t½ke0 of the agonist is slower. Hence for the induction of rapid respiratory depression 
at equianalgesic doses, a hierarchy of opioid agonists may be deduced from fastest to 
slowest: alfentanil > fentanyl > morphine > M6G.28,31,34 For opioid agonists of markedly 
less lipophilicity, such as morphine and M6G,20 transfer to the effect site compartment is 
very slow (M6G t½ke0 ranges from 1.4 to 6.4 h), hence biological effects such as respiratory 
depression are considerably slower in onset.28,36 For compounds like M6G, slow transfer 
rates to different effect compartments may result in marked differences in the t½ke0 
estimates for the induction and time courses of various M6G-induced biological effects. 
With the complex hydrophilic nature of M6G,32 these variations in t½ke0 may be related to 
a number of factors, including transfer between brain compartments.37 

Figure 1. Schematic diagram of the pharmacokinetics of an opioid analgesic in the body (system) and central nervous 
system (CNS) compartments. After disposition part of the drug reaches the brain compartment after passage across 
the blood-brain barrier (with half-life t½ke0). Next the drug will distribute to the receptor site and attach to the 
receptor with association (on) and dissociation (off) kinetics. 
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 2.2.2 OPIOID PARTIAL/MIXED AGONISTS: BUPRENORPHINE

One approach to the development of opioid analgesic drugs with lower risk factors for 
respiratory depression has been the development of partial agonists at the MOR, such as 
buprenorphine.38 Partial agonists typically display a less than maximum or ceiling effect 
in their dose-response relationships, as has been described for buprenorphine-induced 
respiratory effects.35,39 At a very high dose (80% of its LD50), buprenorphine has minimal 
respiratory responses compared to fentanyl or morphine.40 A reduced maximum respiratory 
depressant effect has obvious advantages for the safety profile of buprenorphine. Unlike 
respiratory events, buprenorphine-induced analgesia, at least over clinical dose ranges, 
does not typically show a ceiling effect in postoperative pain.41 In detailed animal studies, 
buprenorphine has been shown to achieve maximum antinociceptive effects in some, 
although not all, animal models42 and, when antinociceptive ceiling effects are observed, 
these may be reached only at high doses, higher than those required for the maximal 
respiratory effects and outside of the ‘clinical dose range’.35,38,43 A recent review of the 
clinical use of buprenorphine by a consensus group of experts, reiterated that, consistent 
with receptor theory, buprenorphine behaves as a full μ-opioid receptor agonist for 
analgesia, with no ceiling effect, whilst there is a ceiling effect for respiratory depression 
with buprenorphine, clearly reducing the likelihood of potentially fatal adverse events.45

When considering onset and offset of buprenorphine effect, it is necessary, in addition 
to the biophase distribution kinetics (t½ke0, that was the sole determinant parameter for 
biological on/offset effects of fentanyl) to add the rate of the association and dissociation 
of buprenorphine to and from the MOR.34 A characteristic feature of buprenorphine is 
its slow receptor binding kinetics; buprenorphine displays slow association kinetics and 
even slower dissociation kinetics.33,46 For comparison in respiratory studies, the t½ke0 for 
fentanyl and buprenorphine were 16.4 and 75.3 min respectively, and whilst dissociation of 
fentanyl from the receptor was essentially immediate, the half time of receptor dissociation 
for buprenorphine was 68 min.35 PK-PD models need to reflect these differences and, for 
buprenorphine, only the combined expressions for biophase equilibrium and receptor 
kinetics describe accurately buprenorphine’s effects on respiratory function [34]. 
Buprenorphine has high affinity at δ- and κ-receptors, but efficacy at these receptors is 
highly variable. Although dependent upon the system tested, buprenorphine is described 
usually as a partial agonist at the MOR, an antagonist at the δ-receptor and a low efficacy 
agonist or antagonist at the κ-receptor.47 Interaction with these other receptor types may 
reflect buprenorphine’s actions on some pain systems, such as neuropathic systems,48-49 
but are unlikely to have a major influence on respiratory function.

2.2.3 OPIOID PARTIAL/MIXED AGONISTS: TRAMADOL

Tramadol is a racemic opioid widely used for relief of acute and chronic pain50 and is 
considered to have a low potential for respiratory depression.51,52 At opioid receptors, 
tramadol is an opioid agonist, selective for MORs, but with a low affinity for these 
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receptor sites, approximately 6000 times less than morphine.53,54 The major metabolite 
of tramadol, O-desmethyltramadol (ODT) is a more potent agonist at the MOR, with an 
affinity approximately 200 times greater than that of the parent drug.51 Both parent and 
metabolite may participate in the overall actions of tramadol. With tramadol, however, 
the low incidence of respiratory effects compared to analgesic effects, is due to additional 
non-opioid mediated actions that contribute to the analgesia. Tramadol is a monoamine 
re-uptake inhibitor. Both (+)- and (-)-tramadol inhibit the synaptic reuptake of 5-HT and 
noradrenaline. This leads to an increased stimulation of monoamine spinal descending 
inhibitory pathways and possibly of brainstem and thalamic analgesia-inducing sites.55 
The analgesic effects of tramadol, therefore, are thought to result from the sum of opioid 
receptor and monoamine reuptake activities55 as evidenced by studies in animals with 
pharmacological antagonists, which show that naloxone, yohimbine (an α2-receptor 
antagonist) and ritanserin (a 5-HT2 receptor antagonist) may all partially block the 
antinociceptive effects of tramadol.53,56,57 Still, patients receiving tramadol may experience 
respiratory depression, particularly after a considerable time lag from dosing, since 
elimination of its more potent metabolite ODT is slow (elimination half-life 5.6 h). However, 
since this MOR agonist displays a slow transfer from plasma to the effect compartment 
(and back),58 carbon dioxide accumulation will restrict exaggerated respiratory effects. In 
contrast to pure opioid agonists, therefore, drugs like tramadol with mixed actions may 
provide effective and safer analgesic regimens for the management of postoperative pain 
in modern clinical practice.59 

2.3 INVOLVMENT OF MICROGLIA IN OPIOID-INDUCED RESPIRATORY DEPRESSION: 
ROLE OF TOLL-LIKE RECEPTOR 4 (TLR4)
There may be possibilities for using non-neuronal opioid effects for the development 
of novel therapeutic analgesics with reduced risk of respiratory depression. One such 
possibility comes from expanding knowledge on the role of immune cells in opioid-related 
mechanisms. Glial cells and inflammatory mechanisms, along with neuronal responses, 
are important mechanisms in some types of pain58 and opioid interaction with glial cells 
through interactions with non-opioid receptors, for example the toll-like receptor 4 (TLR4) 
protein, may offer further targets for the novel therapeutic development of analgesics.1 
Opioids may interact with microglia via activation of MORs,59 but recent studies on opioid-
induced glial activation through non-opioid receptor mechanisms have revealed new 
insights into opioid-induced centrally mediated effects such as analgesia and respiratory 
depression.
Recognition of the role of microglia (and astrocytes) in pain mechanisms originated in the 
1990s and glial activation has become accepted as an important mechanism contributing to 
neuropathic and chronic pain.63 In various animal models following nociceptive peripheral 
tissue or nerve injury microglia are activated by a variety of factors. The activated state 
is characterized by glial release of a diverse range of proinflammatory mediators, such 
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as cytokines, chemokines and prostaglandins that produce a battery of effects, not least 
the enhancement of neuronal excitability and pain. Several activation signals have been 
described between neurons and glia, including fractalkine acting through glial CX3CR1 
sites [64] and ATP acting through P2X-type receptors.65 A further mechanism of glial 
activation is via stimulation of toll-like receptors and this receptor type may have particular 
relevance to opioid mechanisms. Morphine stimulates proinflammatory mediator release 
from glia and elevated proinflammatory mediators and the TLR4 receptor appear to play 
a key role in this process.66,68 TLR4s are distributed on microglia, but not on neurons69 
and glial TLR4s are activated by opioids to release proinflammatory mediators.68 The 
importance of TLR4 in opioid-induced activation of glial cells and subsequent release of 
neuroexcitatory mediators has been demonstrated, for example, by knockout mice lacking 
TLR4, which show markedly less proinflammatory cytokine release after a peripheral 
nerve lesion and less neuropathic pain-like behaviour.70 Other toll-like receptors, TLR2 
and TLR3, may also play related roles.71,72 An opioid-induced effect that may arise from 
opioid stimulation of these TLR4 and subsequent release of proinflammatory mediators 
is hyperalgesia.67,68 Hyperalgesia, an effect directly counter to the analgesic actions of 
opioids, is a well recognized feature of opioids in animals and humans and may be an issue 
in patient analgesic care [see reviews73-75]. Opioid-induced stimulation of TLR4, however, 
is not dependent on classical opioid receptors. This may be illustrated by the lack of 
stereoselectivity requirements in opioids for stimulation of TLR4, hence the (+)-morphine 
isomer has been shown to induce glial activation and hyperalgesia,76 as has the opioid 
receptor inactive morphine metabolite morphine-3-glucuronide (M3G).77  
If glial cells and TRL4 receptors are implicated in playing a part in the overall analgesic 
actions of opioids, are they also involved in other opioid-induced effects such as 
respiratory depression? Although this has been little researched, there is some evidence in 
favor of this concept. Glial cells have been implicated in respiratory mechanisms and, in 
brain slices, selective blockade of the glial Krebs cycle has been shown to inhibit rhythmic 
respiratory burst activity.78 More specifically, glial cells have been shown recently to 
contribute to the purinergic excitation of the respiratory rhythm generating pre-Bötzinger 
complex.79 Studies on glial and astrocyte function are more complex to carry out in vivo, 
but again recently, their role modulating central CO2 chemosensitivity and ventilation 
has been described.80 Similarly, the result of glial activation, namely proinflammatory 
mediator release, may also influence respiratory function. Interleukin 6, for example, has 
been implicated in respiratory diseases and may be considered as a biomarker for the 
risk assessment of asthma or chronic obstructive lung disease81 and may alter respiratory 
mechanics.82 It is possible, therefore, that opioids may interact via TRL4 with glial cells in 
the respiratory centers to influence respiratory control. Further evidence of this has been 
obtained with the use of minocycline to block morphine-induced TLR4 stimulation and 
glial activation and this will be considered below.
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2.4 NALOXONE-REVERSAL OF OPIOID-INDUCED RESPIRATORY DEPRESSION
Since the consequences of opioid-induced respiratory depression may be serious, even 
fatal, it is a clear clinical priority that rapid and effective reversal of respiratory depression 
is available. As discussed previously, opioid-induced respiratory depression is largely 
mediated through MORs, hence antagonists at this receptor site are key agents for its 
reversal. Two opioid antagonists are available clinically as rescue medications, but the one 
approved for this therapeutic indication and by far the most commonly used is naloxone. 
In the clinic, many studies have shown that naloxone may be used effectively for the 
rapid treatment of opioid-related events, although the extent and duration of naloxone-
induced reversal of opioid-induced respiratory effects is highly variable.83-85 When 
considering effective reversal regimens for naloxone, the PK and PD characteristics of the 
opioid analgesic (i.e., rate of metabolism, receptor kinetics and efficacy at the MOR) and 
of the antagonist itself must be taken into account. We have reviewed these agonist and 
antagonist PK-PD interactions extensively elsewhere1 and here present a brief summary. 
Naloxone is a competitive antagonist at the MOR with fast receptor association and 
dissociation kinetics.86 Naloxone is also lipophilic and therefore has rapid access to the 
brain (t½ke0 is short, 6.5 min). Consequently, transfer and equilibrium of naloxone from 
the plasma to brainstem MORs is rapid.87 As for full MOR agonists, for naloxone receptor 
kinetics is not the rate-limiting factor governing its ability to reverse opioid agonist 
actions. For full agonists such as fentanyl, single bolus administrations of naloxone are 
expected to completely reverse opioid-induced respiratory depression but this effect is 
critically dependent on the dose and mode of administration of naloxone and its PK. 
The elimination half-life of naloxone is about 33 min87; hence, with any opioid agonist 
that has a longer elimination half-life than naloxone (e.g., morphine, M6G, methadone), 
care must be taken since renarcotization may occur with time, particularly after a bolus 
administration of naloxone. Care must also be taken if rapidly metabolized opioid agonists 
are administered by continuous infusion, rather than by bolus injection, since following 
a bolus administration of naloxone, reversal of any respiratory depression will initially 
be rapid and complete, but respiratory depressant effects may reassert themselves as the 
agonist infusion continues and naloxone plasma levels decline.88 Even rapidly metabolized 
agonists, such as fentanyl, will show renarcotization if they are administered in high doses 
or by multiple injections (as occurs during anesthesia), as fentanyl plasma levels will 
remain high, whilst naloxone levels decline after a single bolus administration. However, 
a continuous infusion of naloxone may be used successfully to reverse even high doses 
of fentanyl.89  The viability of the use of naloxone for opioid reversal reaches some limits 
with opioid agonists exhibiting ultra-short duration of action (e.g. remifentanil, t½ke0= 1 
min, plasma elimination t½ = 3min),33 where simply stopping the infusion is more effective 
than attempting to achieve naloxone-induced reversal of effects. 
More complex interactions, however, exist between long lasting partial agonists, 
like buprenorphine, and naloxone. Respiratory effects observed with rising doses of 
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buprenorphine exhibit an apparent maximum or ceiling effect.35 Naloxone showed a 
complex and bell-shaped dose-response curve for reversal of buprenorphine-induced 
respiratory effects:85 bolus doses of naloxone that successfully reverse opioid agonist 
depressant effects (up to 0.8 mg) failed to reverse the respiratory depressant effects of 
buprenorphine, higher doses (2 - 4 mg) showed reversal of the effects, but even higher doses 
(5 - 7 mg) showed a decline in reversal activity.85 As discussed previously, the biological 
actions of buprenorphine is governed not only by plasma half-life and drug transfer to 
the effects compartment(s), but also by slow receptor kinetics. The slow association and 
dissociation of buprenorphine with the MOR is at the basis of the difficulties observed 
for the reversal of buprenorphine-induced respiratory depression by naloxone.36,90 A PK-
PD model of the reversal of buprenorphine-induced respiratory depression by naloxone 
predicts that continuous infusions of naloxone are required for reversal of buprenorphine’s 
respiratory effects (doses of 4 - 8 mg.h-1).85,87 This was experimentally verified.85 The cause 
of the bell-shaped naloxone dose-response curve, however, remains unknown, although 
it may involve buprenorphine effects at receptor sites other than the μ-opioid receptors.38

PK-PD modeling, therefore, may be used to design adequate naloxone regimens for reversal 
of opioid-induced respiratory depressant effects of opioid agonists. As shown in Fig. 2, 
PK-PD modeling demonstrates that an opioid with slower dissociation kinetics is more 
difficult to reverse with naloxone and consequently reversal develops more slowly and 
may require continuous infusion of the antagonist while the duration and magnitude of 
the reversal is dependent on the naloxone dose. The estimated order of difficulty (in terms 
of speed of reversal, Fig. 2), therefore, for naloxone to reverse a series of opioid agonists 

Figure 2. Effect of slowing of receptor dissociation kinetics on the rate of reversal of opioid-induced respiratory 
depression by a single dose of naloxone. Simulation data adapted from ref [32]. With slower the dissociation, the 
rate of reversal slows. At t = 0 an opioid dose is given; at t = 55 min a naloxone dose is given. 
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taking into account the range of μ-opioid receptor kinetics is (from most difficult to least 
difficult): buprenorphine > M6G > morphine > fentanyl.32 For full MOR agonists with 
rapid receptor kinetics, the PK of the opioid agonist and naloxone are evenly important in 
determining the administration regimen of naloxone required.88 

2.5 ALTERNATIVE STRATEGIES TO REVERSE OPIOID-INDUCED RESPIRATORY 
DEPRESSION
Naloxone is a MOR competitive antagonist with high affinity and low efficacy at the 
receptor site and shifts MOR agonist dose-response curves to the right in a parallel 
manner.91 In receptor model terms, naloxone fulfills the concept of a classical competitive 
antagonist that is able to displace the agonist at a single conformational active site of 
the receptor and then, with its low efficacy, is unable to produce the conformational 
changes that are required to induce intracellular responses leading to biological effects. 
Naloxone will antagonize the whole range of opioid effects: opioid-induced analgesia, 
respiratory depression, sedation, gastrointestinal effects, etc. Naloxone, therefore, may 
reverse respiratory depression very effectively, particularly in an emergency situation, but 
will also reverse opioid-induced analgesia presenting real clinical difficulties. To try to 
design MOR antagonists to selectively reverse some opioid-induced biological actions, 
but not others, e.g. to antagonize respiratory depression, but not analgesia, is theoretically 
and practically difficult with competitive antagonists, and resides in trying to introduce 
different PK and PD characteristics, or selectivity for MOR subtypes, if they exist. PK-PD 
modeling shows that it may be possible to titrate naloxone to reverse respiratory depressant 
effects and not compromise analgesia in some situations where respiratory depression 
may occur at higher receptor occupancy than some degree of analgesia.1 However, it is 
difficult to see a ‘naloxone-based’ approach to this problem being able to achieve complete 
reversal of opioid-induced respiratory depression whilst leaving opioid-induced analgesia 
unaffected. 
It may also be valid to mention at this point, that more recent experimental studies on 
ligand interactions with receptor conformations have shown that the ‘one size fits all’ type 
of activation (as described above for naloxone) is not adequate to describe the observations 
in all systems. There appears to be diversity in receptor activation states, whereby 
ligands of varied efficacies produce different receptor conformational changes, thereby 
stabilizing conformationally distinct active states of the receptor, and not a single active 
conformational state. Ligands of different efficacies, therefore, may effect stimulation of 
different active conformational states of the same receptor leading to activation of separate 
intracellular signaling pathways and varied biological outcomes, i.e., functional selectivity 
[see review 92]. On this model, allosteric antagonist ligands (‘biased’ antagonism) may be 
able to selectively antagonize certain conformational active states of the receptor resulting 
in selective reversal of some biological effects. An example of the effect of allosteric 
receptor sites is given for AMPA receptors later in this review. These concepts have been 
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discussed for opioid receptors.93,94 As members of the GPCR superfamily, opioid receptor 
activation by different opioid ligands may stimulate different Gα subunits.90 At least 
one hypothetical possibility arising from ligand specificity for Gα activation may be the 
separation of analgesic effects from respiratory depression and other unwanted side effects 
of opioids.93 However, for opioid receptors at present there remains uncertainty whether 
different opioid-induced effects may result from effects at different receptor types rather 
than different active site conformations of one receptor, or if indeed selective stimulation of 
Gα subunits does occur (i.e., that analgesia and respiratory depression may be induced by 
different Gα subtypes). Nevertheless, the design of selective allosteric opioid ligands with 
varied efficacies for the μ-opioid receptor with functional selectivity remains an interesting 
concept for improvements over naloxone.
Alternative approaches, separate to any based directly on interactions with μ-opioid 
receptors, may be required for the design of selective compounds that will reverse opioid-
induced respiratory depression, without compromising opioid-induced analgesia, for use 
outside of emergency settings. We will consider two such potential approaches involving 
inhibitors of glial activation and antagonists of other transmitter systems present in 
respiratory centers.

2.5.1 INHIBITION OF GLIAL ACTIVATION

The toll-like receptor family, particularly TLR4, have been demonstrated to be involved 
in opioid-induced glial activation.66-68 However, the TLR4 requirements for opioid ligand 
binding are very different from those for classical opioid-receptors and we have previously 
made reference in this review to the lack of stereoselectivity requirements in opioid agonists 
for stimulation of TLR4. Hence the (+)-morphine isomer has been shown to induce glial 
activation and hyperalgesia,76 as has the opioid receptor inactive morphine metabolite 
M3G.77 This lack of stereospecific requirements by TLR4 is also shown by antagonists and 
both (+)- and (-)-naloxone have been demonstrated to block TLR4 mediated signalling 
and cytokine production in HEK-293 cells in vitro.94 In vivo, both isomers of naloxone 
also suppress neuropathic pain following sciatic nerve chronic constriction injury in rats.95 
The lack of stereoselective requirements in antagonists on TLR4, therefore, may enable 
development of opioid antagonist isomers that are inactive at neuronal μ-opioid receptor-
mediated analgesic effects, but may reverse glial TLR4-mediated respiratory depressant 
effects and hence separate these opioid-induced events. 
Antagonists at the TLR4 site, however, do not have to be based structurally on classical 
opioid antagonists as a diverse range of molecules may block opioid-induced TLR4-
mediated events. Minocycline is a semi-synthetic, second generation tetracycline 
antibiotic, first introduced in 1972, that has long been known to possess anti-inflammatory 
and neuroprotective effects unrelated to its antibacterial activity [see review96]. Although 
there is considerable experience with minocycline clinically, it is associated with a range 
of adverse side-effects, some of which, such as vestibular symptoms, may be serious.97 
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Minocycline exerts anti-inflammatory actions by modulating microglia and the subsequent 
release of cytokines, chemokines and other inflammatory mediators.91 Recently, PET scan 
imaging has been used to demonstrate activation of rat brain microglia by zymosan and its 
inhibition by minocycline.98 Minocycline, as an inhibitor of microglial activation, has been 
investigated in animal models of opioid-induced respiratory depression and analgesia.99 
Minocycline suppressed various measures of morphine-induced respiratory depression, 
such as tidal volume and minute ventilation, inspiratory and expiratory force, although, 
at the doses used, it did not block changes in respiratory rate. In contrast, the same doses 
of minocycline enhanced the antinociceptive effects of morphine. These contrasting effects 
of minocycline on respiration and antinonciception may both be due to inhibition of the 
release of proinflammatory agents from glia that, as discussed previously, may induce 
centrally mediated respiratory depression and hyperalgesia. In these studies, the lack of 
observed effects of minocycline on respiratory rate, compared for example with minute 
volume, is discussed in relation to the different dorsal and pontine central respiratory 
sites from which tidal volume and respiratory rate originate (e.g., ventrolateral division 
of the nucleus tractus solitarius and pre-Bötzinger complex respectively) and possible 
glial heterogeneity and/or site specific effects of opioid mediated glial events.99 Various 
further recent studies continue to explore minocycline-induced microglial inhibition of 
proinflammatory mediators and their varied effects, for example, reversal of hyperalgesia 
through minocycline-induced inhibition of cytokines from microglia and a subsequent 
reduction in potassium chloride co-transporter 2 in the spinal cord.100 
A brief further illustration of the potential for the separation of opioid-induced effects 
by inhibition of glial activation may be made with the drug AV411 (ibudilast), although 
with the differentiation of analgesia and opioid withdrawal rather than with respiratory 
depression. AV411 is a relatively non-selective phosphodiesterase (PDE) inhibitor and has 
been marketed in some countries for bronchial asthma and post-stroke dizziness.101-103 
However, AV411 is also a microglial inhibitor with anti-inflammatory effects. Its 
widespread effect on PDEs and on bronchial smooth muscle do not make the drug a target 
for exploring opioid-induced respiratory depression, but AV411 has successfully been 
shown, through actions on microglia, to significantly reduce opioid withdrawal whilst 
enhancing analgesia.101-103 Hence, both minocycline and AV411 have been demonstrated 
to inhibit glial activation and release of proinflammatory mediators resulting in enhanced 
analgesia, but with reduced other opioid-mediated events, respiratory depression 
and opioid withdrawal, respectively. Together with the non-stereoselective isomers of 
naloxone, these materials illustrate a potential direction for the development of selective 
glial inhibitors, perhaps particularly TRL4, to be targeted towards the effective separation 
of opioid-induced analgesic from respiratory depression.

2.5.2 STIMULATION OF NEUROTRANSMITTER SYSTEMS IN THE PRE-BÖTZINGER COMPLEX

Respiration is under the control of central neural networks and one of the most important 
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is located in the pre-Bötzinger complex. The pre-Bötzinger complex plays a major role 
in the modulation and generation of respiratory drive, particularly respiratory rhythms 
underlying the active inspiratory phase of breathing.6,7 MORs are located in this area and 
opioid-depressant effects, especially life-threatening apnea, may originate from within the 
complex. Many other neurotransmitter systems and receptors related to their transmitters 
are also located in this neural network, some being co-expressed with MORs. Several 
important questions now arise. If neurotransmitters in the pre-Bötzinger complex operate 
to stimulate respiratory function, would stimulation of these systems induce ventilatory 
stimulation even in the ongoing presence of opioid-induced respiratory depression? 
Would activation of stimulatory respiratory systems functionally reverse opioid-induced 
respiratory depressant effects, but without reduction of opioid-induced analgesia for 
which the mechanistic centers are located elsewhere in the brain? If so, would selective 
ligands for the respective relevant neurotransmitter receptors form the basis of new 
therapeutic agents to enhance the safety margins of opioid analgesics? Several possible 
receptor targets arise from the identification of respiratory stimulatory systems in the pre-
Bötzinger complex that suggest ventilatory drive may be increased in the presence of opioid 
respiratory depression. Three ventilatory stimulatory systems, 5-hydroxytryptamine 
(5HT), α-amino-3-hydroxy-5-methyl-D-aspatate (AMPA) and phosphodiesterase-4 (PDE4) 
will be reviewed briefly [see also review1]. (Table 1).
 
2.5.3 5-HYDROXYTRIPTAMINE (5-HT)

5HT receptor types and subtypes are expressed both centrally and peripherally and are 
involved in mediating many diverse clinical states including mood, memory and learning, 
aggression, sleep and pain, but are also present in the pre-Bötzinger complex and related 
neural networks. In this region, 5HT is a respiratory stimulatory neurotransmitter and a 
number of 5HT receptors subtypes have been identified with high density. 5HT receptors 
are members of the GPCR superfamily (except 5HT3 receptors, which are cation channels). 
5HT enhances activity in respiratory neurons in this network through an action on 5HT1A, 
5HT4 and 5HT7 receptors:104

a)  One of the earliest 5HT1A agonists to point toward a potential stimulation of respiration 
without affecting antinociception was the tetralin derivative, 8-OH-DPAT. In studies in 

Target for interference with opioid-induced respiratory depression
Opioid-receptors (on respiratory neurons in the brainstem)
Toll-like receptor 4 (TOLL on glia cells in the spinal and possibly supraspinal sites)
5 hydroxytryptamine receptors in respiratory centers in the brainstem
AMPA receptors in respiratory centers in the brainstem 
Phosphodiesterase-4 in respiratory neurons

Table 1
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rats, for example, 8-OH-DPAT was demonstrated to reverse opioid-induced depression 
of ventilation without antagonizing antinociception.105,106 In the most recent studies, 
8-OH-DPAT was demonstrated to recover breathing following fentanyl-induced 
respiratory depression in the rat in vivo.107 The partial agonist buspirone has also been 
investigated, which unlike 8-OH-DPAT, was available for studies in man and was shown 
in clinical cases to improve rhythmical respiration where damage to the brainstem 
caused apneustic breathing.108,109 However, buspirone failed to counteract opioid-
induced respiratory depression induced in healthy volunteers.110 Buspirone is probably 
a poor tool to explore the capacity of 5-HT1A ligands to induce respiratory stimulation 
since it is a partial agonist and full agonists at this receptor site may be required to effect 
strong ventilatory improvements.111  The most recent 5-HT1A full agonist to be studied in 
rats for reversal of opioid-induced respiratory depression is repinotan, which has been 
shown to be effective in stimulating ventilation without impairing antinociception.112 It 
is worth noting, however, that repinotan-induced stimulation of spontaneous breathing 
after morphine-induced respiratory depression displayed a ‘bell-shaped’ dose-response 
curve, hence reversal of the opioid-induced respiratory effects by repinotan was dose 
dependent and declined at higher doses. Bell-shaped dose response relationships 
are known for other 5-HT1A-induced responses, e.g. neuroprotection, and have been 
suggested to arise from dose dependent effects eliciting opposing stress responses.113 
Hence, studies with repinotan support the earlier findings with 8-OH-DPAT that full 
agonists at 5HT1A receptors may induce stimulation of respiration without reducing 
opioid-induced analgesia. Recent important mechanistic studies on 5HT1A-induced 
respiratory stimulation have demonstrated that 5HT1A receptors located on inhibitory 
glycinergic interneurons of the pre-Bötzinger respiratory networks appear to be critical 
for this function. Stimulation of these receptors leads to modulation of glycine receptors, 
network reorganization and disinhibition that restores breathing rhythms after opioid-
induced depression.114,115 Although each of the examples of 5-HT1A ligands cited above 
has limitations, selective 5-HT1A agonists may provide interesting leads for potential 
therapeutic agents to stimulate spontaneous breathing even in the presence of opioid-
induced depression of respiratory function. 

b) 5HT4(a) and μ-opioid receptors are co-localized on respiratory neurons in the pre-
Bötzinger complex, but display opposing actions resulting in 5HT4(a)-mediated increase 
in cAMP and increased inspiratory drive, compared to μ-opioid receptor-induced 
decrease in cAMP and decreased inspiratory drive.116,117 Hence, in animal studies, the 
5HT4(a) receptor agonist BIMU8 was shown to overcome fentanyl-induced respiratory 
depression and apnoea, without affecting antinonciception116 and zacopride was 
demonstrated to reverse etorphine-induced respiratory depression.118 In the former of 
these studies, the respiratory stimulating effect was believed to be specific to 5HT4(a) 
receptors because the effect of BIMU8 was antagonized by the 5HT4(a) receptor antagonist 
GR113808.104,116 However, the 5HT4(a) receptor agonist RS67333 has more recently 
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been shown to fail to recover breathing in opioid-induced respiratory depression107 
and, in human healthy volunteers, another 5HT4(a) receptor agonist, mosapride, 
also demonstrated no effect on respiratory depression induced by morphine.119 The 
negative results with mosapride and RS67333 may be attributable to low potency or PK 
considerations with insufficient effect-site concentrations being achieved, as suggested 
by PK-PD modeling for maosapride.119 or from different pharmacological profiles of 
the many 5HT4 splice variants,120 but an explanation remains a conjecture a present. 

c) Although some selective antagonists, SB-269970-A and SB-656104-A, for the 5HT7 
receptor have been reported,121 selective receptor agonists are not available for this 
receptor. A number of 5HT ligands will stimulate 5HT7 nonselectively, including 
8-OH-DPAT,122 which has raised questions as to whether the respiratory stimulatory 
actions and reversal of opioid-induced respiratory depressant effects of 8-OH-DPAT 
are mediated by 5-HT1A or 5HT7 receptors.104,118 There is a need for better selective 
ligands at 5HT7 receptors to become available before a role for these receptors within 
the respiratory networks can be defined.

2.5.4 AMPAKINES

Another respiratory stimulatory mechanism within the pre-Bötzinger complex is 
glutaminergic transmission through AMPA receptors. AMPA receptor modulators do not 
interact with the receptor site directly as agonists (or antagonists), but bind to an allosteric 
site within the glutamate receptor complex. Allosteric binding on the AMPA receptor 
modulates the kinetics of deactivation (channel closing and transmitter dissociation) and 
desensitization123 and AMPA modulators increase the duration of glutamate-induced 
AMPA receptor-gated inward currents.124 Within the pre-Bötzinger complex, activation of 
AMPA receptors is important for rhythmogenesis and induction of increased respiratory 
frequency through an increase in glutamate-mediated excitatory inspiratory drive.125 
Several distinct classes of AMPA receptor ligands have been described, with much interest 
centered upon the benzamides, a group collectively called ampakines. Several examples 
of ampakines that interact in different ways with the allosteric binding site have been 
studied in respiratory systems, e.g., CX516, CX546, CX614, CX717,1 but, for the current 
review, the focus will be on CX717 as this ampakine has been the most studied, including 
with early investigations in humans. Treatment of rats with CX717 markedly protected the 
animals from fentanyl-induced respiratory depression, mechanistically described as due 
to accentuation of the AMPA-receptor mediated glutaminergic excitation that counteracts 
the μ-opioid receptor-mediated suppression of the pre-Bötzinger complex neuronal 
excitability.126,127 Pretreatment with CX717 did not significantly alter fentanyl-induced 
antinociception.126,127 One importance of these finding with CX717 is that this material is 
available for use in humans (CX717 has been tested for safety and efficacy in the treatment 
of human ADHD [see references in126-128]). A proof of concept study has been carried 
out in healthy human volunteers to test the hypothesis that opioid-induced ventilatory 
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depression may be selectively reduced by prior administration of CX717.128 In this study, 
a single oral dose of CX717 (1500 mg) successfully reduced all measures of respiratory 
depression induced by a subsequent intravenous infusion of alfentanil administered 
to reach a target plasma concentration of 100 ng.ml-1. At this plasma concentration, 
alfentanil was shown to induce analgesia in the subjects when tested with two models of 
experimental pain, effects that were not apparently compromised by prior administration 
of CX717, but could be revered by naloxone.128 Hence, ampakines like CX717 may offer 
a therapeutic potential for the suppression of opioid-induced postoperative respiratory 
depression, and hence an increase in safety, without negating their analgesic effects. 

2.5.5 PHOSPHODIESTERASE-4-INHIBITORS

The methylxanthines caffeine and theophylline have been used to counter apneas and 
stabilize breathing in preterm infants, although both drugs are associated with adverse 
events.129 Methylxanthines block adenosine receptors and, although this has been 
suggested for the action of methylxanthines in neonates, adenosine receptor antagonists 
do not inhibit inspiratory neurons130 and alternative mechanisms for the methylxanthines 
have been sought. At concentrations of methylxanthines that have demonstrated 
respiratory effects in vitro, these agents also inhibit phosphodiesterase-4 (PDE4), 
which results in elevated cAMP and stimulation of phosphokinase A.131 As described 
previously, 5HT4(a) receptor agonist also enhance cAMP levels and stimulate inspiratory 
drive and this may be a mechanism of action for methylxanthines. More recent studies 
have supported this hypothesis and methylxanthines have been shown to reverse opioid-
induced depression of the respiratory rhythm in the pre-Bötzinger slices in the newborn 
independently of adenosine receptors and apparently associated with PDE4 inhibition.132 
In further support of this, the specific PDE4 antagonist rolipram, alone and combined 
with theophylline, was able to reactivate respiratory rhythm after severe depression with 
the μ-agonist DAMGO alone.132 Whilst all these agents are limited currently by adverse 
effects, particularly rolipram, new specifically targeted PDE4 inhibitors (particularly of 
PDE4 subtypes) may allow improved treatment for breathing control in the premature 
and newborn infants. 

2.6 CONCLUSIONS
Opioid-induced respiratory depression remains a potentially life-threatening side effect 
of opioid treatment of severe acute and chronic pain. Whilst data on the incidence of 
opioid-related morbidity remain difficult to unearth from the literature, estimates on 
respiratory events in the perioperative setting range from 0.5 to 2%. Data on respiratory 
events in chronic pain patients on potent opioid therapy are even scarcer. We assume that 
this is partly because of the unwillingness to report fatal complications and partly because 
respiratory-depression related death in chronic cancer-pain patients is an accepted 
fact in the course of the disease or is assumed to be due to the ‘natural’ progression of 
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the underlying disease. Irrespective, we consider fatal (or near-fatal) opioid-induced 
respiratory depression an avoidable complication. Strong opioids should be titrated to 
effect, or even better, to the multiple effects, analgesia and respiratory depression. While 
insufficient analgesia requires further dosing the occurrence of breathing irregularities or 
cyclic breathing is an immediate sign to stop further dosing. Evidently, knowledge on 
the pharmacokinetics and (mechanism-based) pharmacodynamics of the MOR agonist in 
relation to patient specifics (e.g., disease-state, age, fluid status, cardiac, liver and renal 
function) is at the basis of sensible titration. Separation of opioid-induced respiratory 
depression and analgesia seems improbable taken the fact that the MOR is the molecular 
target of both effects and the absence (so far) of proof in humans for distinct opioid-receptor 
subtypes involved in analgesia versus respiratory depression or selective stimulation of 
Gα subunits. Development of opioids with effect-selectivity will rely on these distinctions. 
Current practice of reversal of opioid-induced respiratory depression is based on 
antagonism of the MOR with naloxone, a non-selective antagonist that will antagonize 
not only respiratory depression but the whole range of opioid effects including opioid-
induced analgesia. Because of this loss of analgesia, the rapid onset/offset of naloxone 
(and consequently high chance of renarcotization) and naloxone’s relative difficulty 
with reversal of opioids with slow receptor dissociation alternative strategies are being 
developed. These alternative modes are aimed at reversal and prevention of opioid-
induced respiratory depression without compromising analgesia. Agents that are being 
studied include 5HT agonists, ampakines, phosphodiesterase inhibitors and drugs that 
stabilize activated glia cells in the pons and spinal cord. Especially the latter group of 
therapeutics is of interest as animal data indicate that reduction in opioid side effects 
coincides with improved analgesic efficacy.
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