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Heroin is an opioid agonist commonly abused for its rewarding effects. Since its synthesis at the end of the nineteenth century, its
popularity as a recreational drug has ebbed and flowed. In the last three decades, heroin use has increased again, and yet the
pharmacology of heroin is still poorly understood. After entering the body, heroin is rapidly deacetylated to 6-monoacetylmorphine
(6-MAM), which is then deacetylated to morphine. Thus, drug addiction literature has long settled on the notion that heroin is little
more than a pro-drug. In contrast to these former views, we will argue for a more complex interplay among heroin and its active
metabolites: 6-MAM, morphine, and morphine-6-glucuronide (M6G). In particular, we propose that the complex temporal pattern of
heroin effects results from the sequential, only partially overlapping, actions not only of 6-MAM, morphine, and M6G, but also of
heroin per se, which, therefore, should not be seen as a mere brain-delivery system for its active metabolites. We will first review the
literature concerning the pharmacokinetics and pharmacodynamics of heroin and its metabolites, then examine their neural and
behavioral effects, and finally discuss the possible implications of these data for a better understanding of opioid reward and heroin
addiction. By so doing we hope to highlight research topics to be investigated by future clinical and pre-clinical studies.
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INTRODUCTION
Heroin (3,6-diacetylmorphine or diamorphine) is a semi-synthetic
derivative of morphine, a naturally occurring opiate contained,
along with codeine, in the latex of the opium poppy (Papaver
somniferum). The opium poppy was first domesticated circa 6000
B.C.E. in Europe, and its cultivation spread eastwards over the
following millennia [1, 2]. It is worth noticing that the frequent
reference in textbooks and journal articles to a supposed initial
spread of opium production from Mesopotamia has long been
shown to be based on flawed scholarship [2, 3]. While the medical
use of opium in antiquity (first by Greco-Roman medicine and
centuries later by Arab, Indian, and Chinese medicines) is well
documented, reliable evidence of widespread ‘recreational’ use is
much more recent and appears to be related to technological
innovations. The introduction of tobacco and tobacco pipe by
European traders in South-East Asia (16th-17th century) made it
possible to smoke opium and opium laced tobacco [4], whereas
the standardization of laudanum, a hydroalcoholic extract
(tincture) of opium, in Europe (17th–18th century) made it
possible to take large amounts of morphine and codeine with a
single draught [5]. Technological innovations were crucial also in
the case of morphine, which was isolated in 1817, but became
widely used for medical and non-medical purposes only after the
invention of the hypodermic syringe a few decades later [5]. At
present, the non-medical use of morphine is a relatively rare
occurrence, compared to heroin. The pharmacokinetics and
pharmacodynamics of morphine, which will be discussed in the

following sections, might help to explain the reason for this
preference.
First synthesized in 1874 and then commercialized as a cough

suppressant and controversial respiratory disease remedy [6],
heroin readily emerged as a public health concern when it was
found that, in addition to having a powerful analgesic effect, it
could trigger severe dependence and illicit use [7]. In our days,
despite decades of public awareness and the recent introduction
of a whole new plethora of synthetic drugs, the attraction of
heroin has not waned. Global, world-wide prevalence of opioid
use disorder has progressively increased in the past 30 years
(>40% in 2019 relative to 1990), albeit with stark regional
differences, as indicated by dramatic surges in some countries
(e.g., +351% in the USA, +308 in Sweden, +261% in Canada,
+200% in Scotland) but not in others (e.g., −23% in Switzerland,
−32% in Italy) [8]. Heroin is still the main opioid of abuse in most
countries (with noticeable exceptions, such as the USA and
Canada) [8, 9]. This is consistent with the parallel increase (>50%)
in the global supply of heroin over the same time period, a figure
that can be estimated with a certain degree of precision on the
basis of opium production (monitored by satellite imagery) minus
seizures [10]. Thus, it appears that the heroin issue is possibly even
more relevant in the 21st century than it was in the previous one.
Given this premise, it is surprising that the psychopharmacology

of heroin is still poorly understood, compared to that of other
drugs of abuse, such as cocaine and psychostimulants in general.
Since heroin is rapidly deacetylated to 6-monoacetylmorphine (6-
MAM) and then to morphine, drug addiction literature has long
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settled on the notion that heroin is little more than a means to
deliver morphine and/or 6-MAM to the brain [11, 12]. In contrast
to these former views, we will argue here for a more complex
interplay among heroin and its active metabolites, 6-MAM,
morphine, and morphine-6-glucuronide (M6G), as it is unlikely
that the multistage course of heroin effects could be produced by
just one of these molecules. Although there is a dearth of data
concerning the time course of the subjective effects of heroin, it is
in fact commonly acknowledged by users (personal observations
in people with heroin use disorder) and experts in the field [13–15]
that intravenous (i.v.) heroin produces an almost instantaneous
surge of ecstatic pleasure (often referred to as ‘flash’ or ‘rush’),
lasting about one minute, followed by a pleasant state of stunned
calm and detachment, and finally by a sense of well-being and
contentment that persists for several hours. We propose that this
pattern results from the sequential, only partially overlapping,
actions not only of 6-MAM, morphine, and M6G, but also of heroin
per se, which, therefore, should not be seen as a mere brain-
delivery system for its active metabolites.
We will first review the literature concerning the pharmacoki-

netics and pharmacodynamics of heroin and its metabolites, and
then examine their neural and behavioral effects. Finally, we will
discuss the possible implications of these data for a better
understanding of opioid reward and heroin addiction. By so doing
we hope to highlight research topics to be investigated by future
clinical and pre-clinical studies.

PHARMACOKINETICS OF HEROIN AND ITS METABOLITES
The biotransformation of heroin and of its metabolites (Fig. 1)
involves: (i) hydrolytic reactions, catalyzed by serum- or butyryl-
cholinesterase in the plasma, and by carboxylesterases in the liver,
brain, and other tissues; (ii) synthetic reactions, mainly glucur-
onidation in the liver (but also in the brain, kidney, and intestine),

and to a lesser extent sulfation; (iii) oxidative reactions, yielding
minor metabolites. The transfer rates of heroin and its metabolites
across the blood-brain barrier mostly depends on their lipophi-
licity, which decreases at each metabolic step: heroin>6-MAM»-
morphine»M6G [16] (see Table 1). The transfer rates of morphine
and M6G (but not that of heroin and 6-MAM) also depend on
active transport by the P-glycoprotein and other efflux transpor-
ters [17, 18]. Quite obviously, quantitative data concerning the
distribution of heroin and its metabolites to the human brain are
very limited (heroin cannot be detected even post-mortem in the
brain of people who died of heroin overdose [19]).
More information about the brain distribution of heroin and its

metabolites is available for rodents, as their brain concentrations
were quantified after i.v. administration of heroin in the rat [20]
and transfer rate constants were estimated after subcutaneous
administration in the mouse [21]. However, caution should be
applied in extending data collected in rodents to humans, given
the much faster metabolism of heroin in mice and rats relative to
humans (compare Figs. 2–4).

Pharmacokinetics of heroin
The pharmacokinetics of heroin will be discussed for each route of
administration.

Intravenous injection. Following i.v. injection in humans, heroin
plasma concentrations peak (Cmax) almost immediately
(Tmax≅ 30 s in the arterial circulation; Tmax≅ 2min in the venous
circulation) [22] (Fig. 2), and then decline steeply with a half-life
(t1/2) of 3–4min [22–25]. Within 10–45min, heroin becomes
undetectable in the blood [24–27] (Fig. 3). The blood clearance
rate for heroin (128–1920 L/h) exceeds the rate of hepatic blood
flow [26], and renal clearance accounts for less than 1% of the
administered dose [27]. Indeed, heroin is rapidly converted to
6-MAM by plasma cholinesterases and by the carboxylesterases

Fig. 1 Molecular structure of heroin and its metabolites. Schematic representation of the metabolic pathway of heroin with the sequential
breakdown into the main metabolites. The involved enzimatic processes are listed in italics.

Table 1. Overview of the principal pharmacokinetic parameters and characteristics of heroin and its metabolites following an intravenous
administration of heroin (120–450mg) in humans.

Heroin 6-MAM Morphine M6G references

Tmax (minutes) 0.3–1.5 0.3–2.7 3.6–7.8 42.6–119 [22, 25, 46, 47]

Cmax (ng/ml) 1530–3960 1731–5742 340–829 700–1270 [25, 46, 47]

Clearance (L/h) high
696–822

high
564–607

[22, 25, 46, 47]

Fraction excreted in urine (% of dose) <1 1.5 10 55 [26, 264]

Vd (L) 37–96 325 [22, 25, 46, 47]

t1/2 (minutes) very short
1.3–3.8

short
3–52

long
176–287

very long
267.5–681

[22, 25, 46, 47]

Partition coefficient 0.85 0.61 –0.07 –0,79 [16]

6-MAM 6-monoacetylmorphine, M6G morphine-6-glucuronide, Vd volume of distribution.
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present in the liver, kidney and other organs [28, 29]. Sponta-
neous, non-enzymatic hydrolysis may also occur [30]. However, it
is important to emphasize that for the first 8 min after i.v. injection
heroin concentrations in both arterial and venous circulation
remain higher than that of all other active metabolites, including
6-MAM (Figs. 2 and 3). Thus, there is no reason to discard a major
role of heroin per se in the early response to heroin in humans,
contrary to the widely held notion of heroin as a mere pro-drug.
In the rat, after i.v. administration, heroin peaks very rapidly in

the brain (Tmax = 1.5–2min in the striatal extracellular fluid),
where is then metabolized by esterases (t1/2= 1–2min) [20, 31],
and becomes undetectable within 10–30min (Fig. 4).

Inhalation. Heroin can be inhaled by ‘chasing the dragon’ (where
the users heat the drug over aluminium foil and inhale the resulting
fumes) or by smoking tobacco laced with heroin. The ‘rush’ provided
by this route of administration is comparable to that of the i.v. route
[32], but its popularity varies greatly, mainly as a function of the
prevailing form of street heroin available in any given region. Heroin
hydrochloride (the prevailing form of street heroin in most regions
of the USA) is not suitable to this route of administration because
most of it is destroyed at the temperatures required for vaporization.
In contrast, freebase heroin (like the brown heroin popular in
Europe) vaporizes at relatively gentle heat [33].
There is relatively scarce information about the pharmacokinetics of

heroin after inhalation. Absorption is extremely rapid owing to the

lipophilic structure of heroin, even though its alkaline pKa (7.95) results
in the predominance of the ionized form in the acidic alveolar
subphase fluid (pH≈ 6.9; [34]). Bioavailability has been estimated to
be 38–53% when heroin is taken by ‘chasing the dragon’ [24, 25, 35]
and about 14% when heroin is taken by smoking laced tobacco [35].
Unsurprisingly, the Cmax is considerably lower than after i.v. injection
[25] with a Tmax up to 5min [24]. The t1/2 is about the same for the
two techniques of inhalation (3–4min) [24, 25].

Insufflation. The rich submucosal venous plexus of the nose and
the fenestrated endothelia of its capillaries allow for the fast
absorption of heroin after insufflation, although, to the best of our
knowledge, there are no data on its bioavailability [36]. However,
only a fraction of the dose is actually absorbed, as heroin can be
hydrolysed in the nasal cavity by a variety of enzymes [37, 38].
Also in this case the Cmax is much lower and the Tmax longer
(about 4–5min) than after i.v. injection [39–41]. This explains why
‘snorters’ do not achieve the same level of euphoria experienced
by ‘mainliners’, or even smokers [39]. The t1/2 is slightly higher of
that seen after i.v. injection (5–6min) [40, 41]. A particular type of
intranasal delivery device is represented by the nasal spray,
developed as an alternative to injectable diacetylmorphine for
replacement treatments (see Conclusions) [42].

Intramuscular and subcutaneous injection. The subcutaneous and
intramuscular injection of heroin is often due to poor injection
practice or to the inability to find a patent vein [43, 44]. However,
heroin users who wish to lengthen the duration of drug effects
and to experience a calm, warm ‘high’ rather than the ‘rush’ might
deliberately inject the drug intramuscularly [43, 45]. Heroin
metabolism in the muscle is in fact negligible, and the Cmax is
double of that seen after insufflation [41]. Furthermore, heroin is
slowly released from the muscle into the general circulation,
resulting in a half-life considerably longer (t1/2= 7.8 min [46]) than
after i.v. injection.

Oral administration. After oral administration, no heroin or
6-MAM can be detected in the blood (because of hydrolysis in
the duodenum and colon, and virtually complete hepatic first-pass
effect), whereas circulating morphine reaches significant levels
(about 80% of that measured after the administration of an equal
dose of morphine, but with shorter Tmax) [23, 47]. This route of
administration has been recently employed for the administration
of medical grade heroin as a replacement treatment in people
with heroin use disorder [48] (see Conclusions).

Fig. 2 Early pharmacokinetic profile of heroin by i.v. administra-
tion and metabolite 6-MAM. Time course of arterial and venous
concentrations of heroin (blue line) and 6-MAM (red line), after an
i.v. injection of heroin (≅0.8 mg/kg) in humans. Based on data
extrapolated from Rentsch et al. 2001 [22].

Fig. 3 Pharmacokinetic profile of heroin by i.v. administration
and its main metabolites. Time course of venous concentrations of
heroin (blue line), 6-MAM (red line), morphine (green line), and M6G
(dotted grey line), after an i.v. injection of heroin (≅4mg/kg) in
humans. Based on data extrapolated from Rook et al. 2006 [25].
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Pharmacokinetics of 6-MAM
After intravenous administration of heroin, 6-MAM peaks at more
or less the same time of heroin both in the venous and in the
arterial circulation (Fig. 2). The Cmax is similar to that of heroin in
the arterial circulation but considerably lower in the venous
circulation [22, 25, 46] (see Figs. 2 and 3). As detailed in the
previous section, plasma concentrations of 6-MAM remain lower
than that of heroin for the first 8 min after i.v. injection. The t1/2 of
6-MAM is longer than that of heroin, although estimates vary
greatly from study to study (3–52min), and can be detected in the
plasma for hours, at a time when heroin has already disappeared
[24, 25, 46, 47]. With other routes of administration the Tmax of
6-MAM is considerably longer [39–42].
In contrast, i.v. injection of heroin in the rat results in peak

plasma and striatal concentrations of 6-MAM much higher than
those of heroin, with a Tmax of 2 min in the venous blood and
8min in the striatum [20] (Fig. 4). This is likely due to inter-species
differences in esterase activity [49]. Given its high lipophilicity,
6-MAM passively diffuses across the blood-brain barrier [50]. It has
been proposed, based on data from a subcutaneous injection of
heroin in mice, that the rapid increase in 6-MAM brain
concentration is mainly due to the deacetylation of heroin in
the blood, before its entry into the brain [21]. Accordingly,
vaccine-generated antibodies targeting heroin and its metabolites
reduce 6-MAM concentration in the brain, without affecting that
of heroin [51]. However, the striatal Cmax of 6-MAM after heroin
administration in the rat is about 50% higher than after equimolar
doses of 6-MAM [31], indicating that, at least in the rat, a
significant fraction of brain 6-MAM results from the local
deacetylation of heroin.
The second hydrolytic step in the metabolism of heroin mostly

depends on liver carboxylesterase-2, which deacetylates 6-MAM to
morphine [52].

Pharmacokinetics of morphine
Following heroin i.v. administration in humans, morphine plasma
levels rise quickly (Fig. 3) with a Tmax ranging between 4 and 8min
[25, 47]. The Tmax after intranasal or intramuscular injection of
heroin is considerably longer, ranging between 10 and 90min
[40, 41, 46]. Plasma levels decline at a much slower pace than for
heroin or 6-MAM, with a t1/2 of about 3–4 h [25, 47] (Table 1). The
Tmax and t1/2 after morphine administration have similar values
[53, 54]. Systemic clearance is high (75–118 L/h) [26], which
indicates a high hepatic extraction ratio [55]. Morphine is rapidly
distributed to highly perfused organs and tissues. However, its
distribution to the brain is limited by the hydrophilic structure and
by a pKa= 8.2, resulting in the prevalence of the ionized form at
physiological pH [26]. Moreover, morphine is a substrate for the
efflux transporter P-glycoprotein and other probenecid-sensitive
transporters [56, 17]. These mechanisms greatly reduce the ability
of morphine to distribute to the brain.
In the rat, after i.v. heroin administration, morphine concentra-

tions peak at 10–12.6 min in the blood and at 24 min in the
striatum (supplementary material in [31]) and then decline very
slowly (see Fig. 5).
Morphine metabolism mostly depends on its glucuronidation in

the liver by two isoforms of the uridine 5’-diphospho-glucurono-
syltransferase (UGT), UGT2B7 and UGT1A1 [57], although extra-
hepatic metabolism has been described [58]. Morphine glucur-
onidation yields M6G and morphine-3-glucuronide (M3G).
Following heroin i.v. administration and inhalation in humans

the ratio of M6G/M3G formation is about 1:6–8 [25]. In contrast, in
the rat, morphine glucuronidation yields, under normal conditions,
almost exclusively M3G [59]. However, repeated exposure to
opioids can dramatically alter morphine glucuronidation both in
humans and rats. Antonilli and colleagues [60] found higher
concentrations of M6G and lower concentrations of M3G in
people with heroin use disorder relative to heroin-naïve patients

receiving morphine for pain control. It is unlikely that this
phenomenon was due to the contaminants of street heroin, or
to factors such as age, renal function, and route of administration,
which are known to affect morphine metabolism [61, 62].
Increased synthesis of M6G after exposure to heroin can in fact
be observed even in the rat (a species that physiologically
synthetizes little or no M6G) using both in vivo (i.v. self-
administration [63], non-contingent i.p. injections [64]) and
in vitro procedures (liver microsomal preparation [63–65], primary
cultures of hepatocytes [66]). This effect seems to be independent
of mu opioid peptide receptors (MOP), as it was not reversed by
the MOP antagonist naltrexone, nor mimicked by the MOP agonist
methadone [65]. Antonilli and colleagues proposed that heroin
might induce homo- or hetero-dimerization of UGTs at a post-
translational level, depending on the substrate involved [66].
A minor metabolic pathway of morphine is represented by

sulfation, yielding morphine-3-sulfate and morphine-6-sulfate. In
humans, the plasma concentration of morphine-3-sulfate is
several hundred times lower than that of M3G, while morphine-
6-sulfate is undetectable in most people [67].

Pharmacokinetics of M6G
Both M6G and M3G are excreted partly with the urine and partly
with the stool, after biliary excretion [61]. A small fraction of M6G
and M3G excreted with the bile is de-glucuronidated by enzymes
produced by the colonic flora, and the resulting morphine
undergoes enterohepatic cycling [53].
After heroin administration in humans, plasma concentrations

of M6G peaks at around 1 h [21, 25] (Fig. 3), and then decline very
slowly, with a t1/2 even longer than that of morphine (>3 h) [25].
The Cmax in the plasma is similar to that of morphine [25, 47]. This
could partially depend on a similarly low systemic clearance
[22, 27] and on the scarce lipophilicity of M6G, which results in
slow tissue distribution and low penetration of the blood brain
barrier [68, 69]. A conformational molecular shift (folded vs un-
folded), which increases M6G lipophilicity by masking the polar
region, has been proposed to facilitate passive transport across
the blood-brain barrier [70]. Furthermore, there is also evidence of
active transport, not P-glycoprotein-mediated, at the blood-brain
barrier [18]. Based on pharmacokinetic modelling, M6G blood-
brain equilibration half-life was found to be approximately 7 h
[71]. In the brain, extracellular levels of M6G are much higher than
in the intracellular fluid [72]. Plasma protein binding of M6G is
relatively low, being about 15% compared to 35% for morphine
[68, 73]. Morphine glucuronides are detectable in urine up to 72 h
post heroin administration.

PHARMACODYNAMICS OF HEROIN AND ITS METABOLITES
Opioid receptors
The pharmacology of the endogenous opioid system is exceed-
ingly complex and the readers interested in a thorough discussion
of this topic are referred to the many authoritative reviews
published in recent years (e.g., [74–76]) The goal of this section is
simply to highlight some aspects of opioid receptor pharmacology
that are relevant to the issues discussed in the following sections.
There are three main types of opioid receptors: µ (mu), δ (delta),

and κ (kappa) opioid peptide receptors (MOP, DOP, KOP,
respectively). Additional types have been proposed, like the
nociceptin/orphanin FQ opioid peptide receptor, but their
physiological/pharmacological status is still debated [76]. All
opioid receptors are Gi/o-protein-coupled receptors, whose
canonical transduction cascade depends on the action of the αi
subunit (with inhibition of adenylyl cyclase and reduced synthesis
of cAMP) and of the βγ subunits (resulting in reduced
conductance of voltage-gated Ca2+ channels and the opening
of rectifying K+ channels). This familiar view has been complicated
over the years at several levels, particularly with respect to the
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MOP (alternatively named MOP, MOR, MOR1, OPRM, OPRM1). First,
it was found that the MOP is coupled with alternative transduction
mechanisms [e.g., β-arrestin-2 and protein kinase C, (PKC)], as a
function of the ligand (‘biased agonism’) [77] and of the duration
of the stimulation. Both β-arrestin-2 and PKC have been
implicated in the development of tolerance (defined as the need
to increase the dose to produce the same effect) after chronic
exposure to MOP agonists [78–80]. Second, a variety of omo- and
hetero-dimers (involving other types of opioid receptors as well as
non-opioid G protein-coupled receptors) have been identified,
each with distinctive transduction pathways. Third, the structure
and expression of the MOP gene is very intricate, being
characterized by extensive alternative splicing of coding exons.
Pasternak and colleagues have long hypothesized that the
complexity of splicing (which far exceeds that of receptor
subtypes identified using pharmacological tools) might account
for the qualitative and quantitative differences in the effects of
MOP agonists and for the incomplete cross-tolerance among them
[75, 81]. It is quite disconcerting that such an interesting
hypothesis has not become the focus of more intense scrutiny.
It is to be hoped that the recent opioid ‘epidemics’ in the USA
serve as a stimulus to bring opioid pharmacology back to the
forefront of addiction research, after several decades of almost
exclusive focus on the pharmacology of psychostimulants and
alcohol.
Table 2 provides a synopsis of pharmacodynamic parameters

for heroin and its metabolites. Notice that these parameters were
estimated using a variety of test assays, often in studies that did
not compare all substances in parallel.

Pharmacodynamics of heroin
In vitro studies have suggested that the affinity of heroin for the
MOP is much lower than that of morphine and 6-MAM [82–84]
(Table 2), which might depend on the lack of a free phenolic
hydroxyl (3-OH) group in the molecular structure of heroin [85]. In
contrast, it has been shown that heroin efficacy, as indicated by
MOP-mediated G-protein activation, is higher than that of
morphine and M6G, and at least comparable to that of 6-MAM
[86]. In CXBK mice (a recombinant-inbred strain insensitive to
morphine), as well as in mice treated with antisense probes
targeting exon-1 of the MOP gene, the analgesic effect of
morphine is suppressed while that of heroin and M6G is retained
[87]; vice versa, antisense probes or knockout targeting exon-2 of
the MOP gene minimize the analgesic effect of heroin without
interfering with that of morphine [88]. However, these findings
were not confirmed by other studies [89, 90].

Pharmacodynamics of 6-MAM
As noted above, 6-MAM has greater affinity than heroin at MOP
[82] but the same transduction efficacy, higher than that of
downstream metabolites [86]. This might be due to their shared
high affinity for the same splice variant of the MOP [88].
Furthermore, 6-MAM has affinity for the DOP, which might
contribute to its potent analgesic effect [91, 92] (Table 2).

Pharmacodynamics of morphine
Relative to 6-MAM or heroin, morphine has slightly higher affinity
for the MOP [82] but lower efficacy in activating the G-protein
cascade [86] (Table 2). Morphine binds, albeit with much lower
affinity, also the DOP and the KOP. Indeed, some effects of
morphine are thought to be mediated, at least in part, by DOP
(supraspinal/spinal analgesia, respiratory depression, reduced
gastrointestinal motility) and KOP (peripheral analgesia and
dysphoria) [93, 94]. Furthermore, it has been proposed that the
analgesic and respiratory depressant effects of morphine are
mediated by distinct variants of the MOP (MOP-1r and MOP-2r,
respectively) [95–97], although their existence is still controversial.
The heroin:morphine analgesic potency ratio in humans has been

estimated to be between 2:1 and 4:1 when administered by
subcutaneous, i.v., or intramuscular injection [98–100] and 1.5:1
when given orally [101]. Comparative studies generally agree that
heroin analgesia has faster onset but shorter duration than
morphine analgesia [99, 102, 103]. The fact that heroin has a more
favourable profile, in terms of adverse effects (e.g., nausea,
respiratory depression, dysphoria) than morphine [103] (but see
[99]) has led some authors to advocate the use of heroin in place
of morphine in some clinical settings, although there is no
consensus on this [99, 102, 104].
Chronic exposure to morphine results in tolerance to some of its

effects (analgesia, euphoria, sedation, nausea, and respiratory
depression), but not to others (e.g., constipation) [105, 106]. It is
important to notice that tolerance to morphine can develop
independent of the mechanisms responsible for the development
of withdrawal syndrome. For example, PKC inhibition can reduce
tolerance to the analgesic effects of morphine but does not
prevent naloxone-precipitated withdrawal symptoms in mice
[107]. Another important aspect of morphine tolerance is the
limited cross-tolerance to heroin and 6-MAM, at least for what
concerns analgesia [108].

Pharmacodynamics of M6G
M6G selectively binds the MOP with a potency similar to that of
morphine [109, 110], and its efficacy is thought to be equal to or
slightly higher than that of morphine [86, 111]. Preclinical studies
have shown much greater (13- to 808-fold, depending on the
testing procedure and on the route of administration) analgesic
response to M6G than to morphine [112–115]. In clinical studies,
the analgesic efficacy of M6G appears to be at least equivalent, if
not superior, to that of morphine [116]. Indeed, it has been shown
that M6G is at least in part responsible for the analgesic effect of
morphine [117, 118].
However, the affinity profile of M6G, relative to that of

morphine, varies as a function of MOP subtypes [116, 119, 120].
As pointed out above, some studies suggest that in exon 1 MOP-1r
gene knockout mice, the analgesic effect of M6G and heroin is
retained, while morphine analgesia is suppressed [87]. In rats,
preferential affinity for the MOP-1r relative to the MOP-2r subtype
has been proposed as a possible explanation for the reduced
degree of respiratory depression compared to morphine, but
there are remarkable discrepancies in the findings of different
studies [112, 120, 121] (Table 2). Other studies using antisense
probes [122], as well as the selective antagonist
3-methoxylnaltrexone (3-MNTX) [123], have suggested the exis-
tence of a splice variant specific to M6G, as its analgesic action is
antagonized without interference on MOP-, DOP- and KOP-
mediated analgesia. Studies in clinical populations have shown
that M6G has a more favourable profile than morphine with
respect to nausea and vomiting [124, 125].
Morphine-6-glucuronide activity at DOP is approximately 6

times lower than at MOP, but similar if not greater than that of
morphine [119, 126]. Activity at KOP seems to be negligible
[127, 128].
In preclinical studies, no cross-tolerance to morphine was found

with respect to analgesia [87] and locomotor activity [129], albeit
the literature is not consistent [112]. Analgesic tolerance to M6G
might depend on molecular adaptations similar to those of
morphine (see above [130]). Finally, relative to morphine, M6G
showed greater agonism bias for β-arrestin-2 over G-protein
signalling [131].

Pharmacodynamics of other metabolites
Morphine-3-glucuronide and morphine-3-sulfate seem to have
no intrinsic pharmacological actions, but might behave like
antagonists at MOP, as conjugation at the position 3’ may
obstruct the binding of other ligands [26, 132]. The implications
of this antagonism in modulating the response to heroin or
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morphine, especially after chronic exposure, is a controversial
issue [133].
When administered intra-peritoneally in rats, morphine-6-

sulfate exhibits much greater analgesic effect than morphine
[134], suggesting that it may possess pharmacological activity
similar to M6G. However, the contribution of morphine-6-sulfate
to the effects of heroin must be negligible, as negligible are the
plasma concentrations of this metabolite after administration of
morphine or heroin in humans [67].

NEUROBEHAVIORAL EFFECTS OF HEROIN AND ITS
METABOLITES
As mentioned in the previous sections, significant pharmacologi-
cal activity of heroin metabolites has been demonstrated in
several analgesia-related paradigms [29, 135, 136]. In contrast,
other effects of heroin metabolites, possibly more relevant to
heroin use disorder, have received much less attention.

Blood oxygenation
The most serious side effect of MOP agonists is represented by
respiratory depression and the ensuing brain hypoxia [137].
Kiyatkin and colleagues [138] thoroughly investigated the time
course of the effects of heroin, 6-MAM, and morphine on oxygen
levels in the rat nucleus accumbens (NAc), a brain area thought to
play a crucial role in natural and drug reward [139, 140]. They
found that heroin induces a biphasic change, with an initial

decrease, produced by respiratory depression, followed by an
increase, produced by vasodilation. The effects of 6-MAM followed
a similar pattern, but the decrease in oxygen levels was more
rapid and yet smaller than those observed after heroin. The most
obvious explanation for the latter phenomenon is that the high
permeability of the blood-brain barrier to heroin, coupled with
rapid deacetylation by brain esterases, leads to 6-MAM concen-
trations greater than those that would result from the adminis-
tration of equimolar doses of 6-MAM [20]. In contrast, morphine
has little effect on NAc oxygen levels. Thus, it appears that 6-MAM
plays a major role in producing the brain hypoxia associated with
heroin overdose [137].

Dopaminergic transmission
Dopaminergic transmission has long been thought to play a major
role in drug reward [139, 140]. It is commonly assumed that all
substances of abuse increase dopaminergic transmission
[141, 142], albeit via different mechanisms of action. In particular,
heroin and other MOP agonists are thought to increase dopamine
concentrations in the terminal regions of the meso-striatal
dopaminergic system by binding MOP located on inhibitory
GABAergic neurons, hence disinhibiting dopamine neurons
[143–145]. Yet, experimental evidence does not support the
notion that the rewarding effects of heroin are mediated by
dopaminergic transmission.
In the first place, there is no evidence that heroin increases

dopamine transmission in humans. Daglish and colleagues [146]

Fig. 4 Concentration-time profiles of heroin and its metabolites in the rat blood and brain. Concentrations of heroin (blue), 6-MAM (red),
and morphine (green) in the blood and in the striatal extracellular fluid of rats, after an i.v. injection of 1.3 µmol (ffi4mg/kg) of heroin (A),
6-MAM (B), or morphine (C). Based on data extrapolated from Gottås et al. 2014 [20] and supplementary data (same animals of Fig. 3). Notice
that in this study M6G was not quantified, as in the rat, under normal conditions, the synthesis of this metabolite is negligible.
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and Watson and colleagues [147] found in fact, using [11C]
raclopride positron emission tomography (PET) imaging in people
with heroin use disorder, that heroin’s high is not associated with
changes in dopamine receptor binding in the striatum. Another
PET imaging study conducted in a small sample of non-opioid-
dependent people found that morphine produces a very small
increase in dopamine receptor occupancy (about 8%), which,
however, is inversely correlated with subjective ratings of ‘high’
and other measures of reward [148].
Likewise, research in rodents has failed, so far, to provide direct

evidence of a causal link between heroin reward and dopamine
levels. Microdialysis experiments in the rat have shown that i.v.
administration of heroin can increase extracellular dopamine
concentrations over a time scale of several minutes (e.g.,
[149, 150]). However, only modest [151] or negligible [149]
changes in dopamine concentrations were observed during self-
administration (the gold standard for the investigation of the
reinforcing effects of addictive drugs; see below). Even more
perplexing are the findings from voltammetric studies, which allow
to monitor dopaminergic activity on a second or sub-second scale.
A sharp decrease in the dopamine signal was observed
immediately after self-administered or experimenter-administered
i.v. injections of heroin [152, 153]. Similarly, electrophysiological
experiments by Kiyatkin and Rebec (1997) [154] have shown a
transient inhibition of dopaminergic neurons in association with
heroin self-administration. Finally, experiments conducted over the
last three decades have repeatedly shown that disruption of
dopaminergic transmission (via lesions or receptor blockade/
silencing) has little or no effect on heroin or morphine self-
administration in the rat [155–163]. Against this profusion of
‘negative’ findings in the rat, stand the results of studies conducted
using optogenetic tools in mice, which implicate dopaminergic
mechanisms in heroin self-administration [164, 165]. It is worth
noticing that the interpretation of these findings is complicated by
the difficulty of extricating the pharmacological effects of drugs
from the response to conditioned stimuli paired with drug
administration or self-administration.
To the best of our knowledge, the effect of heroin metabolites

on dopaminergic transmission has been investigated only by
Gottås and colleagues [31]. These authors quantified plasma and
striatal concentrations of heroin, 6-MAM, morphine, and dopa-
mine in rats that had received i.v. injections of equimolar doses of
heroin, 6-MAM, or morphine (see Figs. 4 and 5). After 6-MAM,
striatal dopamine increased in apparent temporal relationship
with striatal 6-MAM (both with Tmax= 8min). However, dopamine
levels increased with a delay of 3–4min relative to those of
6-MAM and then declined sharply (striatal t1/2 ≈ 12min), far in

advance of the much slower decline of 6-MAM (striatal
t1/2 ≈ 24min). Completely different was the pattern produced by
morphine. After an injection of morphine, striatal concentrations
of dopamine increased much more slowly (Tmax = 46min) than
those of morphine (Tmax = 6min). Heroin produced a third
pattern: while striatal heroin peaked rapidly (Tmax= 2min),
dopamine began to rise only at 8 min (panel B, Fig. 5) and
peaked at 14min, after heroin had all but disappeared.
Furthermore, the Cmax of striatal dopamine was much smaller
after heroin (approximately 5 nM) than after 6-MAM (approxi-
mately 10 nM), even though, as discussed in a previous section,
the striatal concentrations of 6-MAM were about 50% higher after
an injection of heroin than after an equimolar dose of 6-MAM. It is
remarkable that the ratio of dopamine to total opioid concentra-
tions (that is, the sum of the concentration of the parent drug and
its metabolites) in the striatum was much smaller after heroin than
after 6-MAM and followed a completely different temporal profile
(panel C, Fig. 5).
One possible interpretation for these findings rests on the

dynamics of agonist-receptor interactions. The contrasting effects
of 6-MAM vs. heroin on dopamine release might depend on
distinct patterns of action at MOP, DOP, and KOP, similar to what
was seen for the antinociceptive activity in different strains of
mice [92]. Heroin, for example, might act on a splice variant of the
MOP [81, 166], possibly with regulatory actions on other opioids
and/or receptor types.
In any case, the fact that heroin, 6-MAM, and morphine produce

distinct and contrasting effects on dopamine release challenges
simple assumptions concerning the relationship between the
rewarding effects of MOP agonists and dopamine transmission
(see Conclusions).

Psychomotor activity
Ever since the seminal paper by Wise and Bozarth [139], many
studies have investigated drug-induced psychomotor activity as a
proxy for drug reward, and drug-induced psychomotor sensitiza-
tion as process homologous to the development of drug
addiction, at least in animal models [140]. Despite considerable
evidence that does not support this notion (e.g., [167–170]), there
is still a great deal of interest in the psychomotor effects of
addictive drugs in rodent models [162].
With respect to heroin [171], 6-MAM is nearly equipotent in

inducing naloxone-reversible psychomotor activity [172–174] and
psychomotor sensitization following repeated administration
[175]. Although morphine is considerably less potent than heroin
and 6-MAM in enhancing locomotor activity [174], it can easily
induce psychomotor sensitization [176, 177].

Fig. 5 Comparative analysis of total opioid and dopamine concentrations in the rat striatum. Striatal concentration of opioids and
dopamine in rats that had received an i.v. injection of 1.3 µmol (≅4mg/kg) of heroin (blue line), 6-MAM (red line), or morphine (green line).
A The total concentration of the injected opioid and its metabolites. Thus, the blue line represents the sum of heroin, 6-MAM, and morphine;
the red line represents the sum of 6-MAM and morphine; the green line represents the sole morphine. B The concentrations of Dopamine in
the same animals. C The ratio between the concentration of dopamine (DA) and the cumulative concentration of opioids: blue line=DA/
(heroin+6-MAM+morphine), red line=DA/(6-MAM+morphine); green line DA/morphine. Based on data extrapolated from Gottås et al.
2014 [20] (same animals of Fig. 4).
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Increased but delayed locomotor activity has been reported
also for M6G [178], although the total distance travelled following
M6G was lower than after equimolar doses of morphine, and
repeated administrations produced MOP-dependent psychomotor
sensitization [179, 180]. Remarkably, the locomotor response to a
combination of morphine and M6G was not greater than that
observed after morphine alone [178], and while pre-treatment
with morphine sensitized the locomotor response to M6G, pre-
treatment with M6G did not sensitize the response to morphine
[180]. These results indicate that all metabolites might contribute
to the locomotor-sensitizing effects of heroin, maybe with distinct
mechanisms of action, as suggested by the incomplete cross-
sensitization between M6G and morphine.

Drug discrimination
Few studies have directly compared the subjective effects of
heroin and morphine in humans. Martin and Fraser [181]
administered, using a double-blind design, equianalgesic doses
of the two drugs to opiate-experienced users. After an acute
injection, morphine and heroin did not differ in self-reported
effects, such as relaxation, itchy skin, nausea, and sleepiness.
Remarkably, when asked to guess which of the two drugs the
participants had received, morphine was recognized with more
accuracy than heroin.
In preclinical studies, heroin was successfully used as a training

drug in discriminative procedures. It was shown that in the rat the
discriminative stimulus properties of 6-MAM and morphine
overlap with those of heroin [182]. However, while the response
rate for 6-MAM was comparable to that observed after equimolar
doses of heroin, 10-fold higher doses were required for morphine.
Similar findings were obtained in monkeys [183].
In a drug discrimination procedure, M6G was fully substituted

for heroin in rhesus monkeys [184] and for morphine in rats [185].
In the latter study, M6G was 17 times more potent than morphine
when these drugs were administered in the cerebral ventricles,
but less potent when injected subcutaneously. The discriminative
effects of the two heroin metabolites were blocked by naltrexone.
The putative M6G receptor antagonist 3-MNTX did not differen-
tially modulate the discriminative stimulus of heroin, morphine
and M6G [186]. Overall, it is tempting to assume that all heroin
metabolites are equipotent in mediating the interoceptive effects
of the parent compound by acting on the same receptors.

Electrical brain self-stimulation
The propensity of rats to electrically self-stimulate discrete brain
regions (particularly the lateral hypothalamus — that is, the medial
forebrain bundle) was discovered in the mid-1950s by Olds and
Milner [187]. Since then, intracranial self-stimulation (ICSS) has been
widely used to investigate the effects of drugs of abuse on the
putative neural substrates of reward. Heroin was shown to facilitate
ICSS of the lateral hypothalamus when administered i.p. at high
doses [188] and i.v. at doses that maintain self-administration [189].
The same effect had been previously described for morphine
[190, 191], with no tolerance developing to it even after several
weeks of intermittent treatment at increasing dosage [192].
In the early 1990s, Hubner and Kornetsky compared the effects

of heroin, 6-MAM, and morphine on the threshold for ICSS of the
medial forebrain bundle [193], and found that 6-MAM was as
potent as heroin and about 40 times more potent than morphine.
The same study also demonstrated that heroin and 6-MAM were
equipotent (and 6.5 times more potent than morphine) in raising
the escape threshold for the aversive stimulation of the
mesencephalic reticular formation. No study has yet tested M6G
in the ICSS paradigm.

Conditioned place preference (CPP)
When animals are repeatedly exposed to one of the two chambers
of a CPP apparatus while under the effects of an addictive drug,

they exhibit a preference for the drug-paired chamber relative to
the vehicle-paired chamber [194–196]. The preference for the
drug-paired context is commonly considered a measure of the
rewarding effects of the drug, albeit the limitations of this
procedure have been noted by many authors [169, 194, 195]. It
has been known for a long time that morphine and heroin can
induce CPP in monkeys and rodents [197–206], heroin being 10
times more potent than morphine in this respect [207]. More
recently, the same phenomenon was observed with 6-MAM [175]
and M6G [208–210]. There is some evidence that heroin- and
morphine-induced CPP might be mediated by these two
metabolites. Pre-treatment with monoclonal antibodies (mAb)
raised against 6-MAM has been shown to block the development
of both 6-MAM- and heroin-induced CPP (although a higher titer
was required to block heroin-induced CPP) [211]. When adminis-
tered intracerebroventricularly, M6G was about 150 times more
potent than morphine [210]. This effect was naloxone reversible.

Self-administration
A great deal of research has investigated the reinforcing effects of
heroin and morphine using i.v. self-administration procedures in
primates and rodents. These studies have shown greater
reinforcing potency of heroin relative to morphine [212, 213].
This is consistent with the slower onset of action of morphine
relative to heroin [72, 73, 214] and matches the anecdotal
preference for heroin over morphine reported by opioid users
[215]. More pronounced adverse effects for morphine vs. heroin
[216] or for heroin vs. morphine [217] were reported. However, in
the already mentioned study by Martin and Fraser [181], when
equianalgesic doses of heroin and morphine were administered
double-blind to opiate-experienced users, no difference in
desirable effects (including euphoria, relaxation, and ‘drive’) was
reported. Current and/or past drug history of experimental
subjects, the precise definition of subjective states such as
‘euphoria’ or ‘pleasure’, and the circumstances surrounding drug
use [218] are some of the variables to consider when comparing
human and animal data.
Self-administration of 6-MAM in the rat has been investigated

only recently by Avvisati and colleagues [219]. This study
compared equimolar doses of 6-MAM and heroin, showing that
6-MAM can sustain self-administration at even higher rates than
heroin (even though the lack of complete dose-effect curves and
of progressive ratio procedures makes it difficult to compare the
relative rewarding efficacy of the two drugs). Furthermore, using
an established rat model of relapse [220], the same authors were
able to show that, like heroin, 6-MAM could trigger drug-seeking
after a period of abstinence. These data suggest that 6-MAM has
intrinsic addictive potential and might mediate at least some
aspects of heroin reward. However, anti-6-MAM mAb, although
effective in blocking the reinstatement of 6-MAM seeking, failed to
prevent relapse into heroin seeking and re-acquisition of
responding for the drug [219]. This cannot be attributed to a
generalized inability to block the effects of 6-MAM, as anti-6-MAM
mAb have been shown to blunt heroin-induced psychomotor
activity [173, 211] and CPP [175], which is not surprising, given
that many studies have shown dissociation among these effects of
heroin [167–170]. It is still possible that the quote of 6-MAM
formed in the brain (which cannot be affected by peripheral anti-
6-MAM mAb) might be sufficient to sustain self-administration,
explaining the lack of effect of the anti-6-MAM mAb. Indeed, brain
levels of 6-MAM are reduced by anti-6-MAM mAb to a lesser
extent after heroin administration than after 6-MAM administra-
tion [173].
Pharmacokinetic modelling suggests that brain concentrations

of 6-MAM might contribute to determine the pattern of heroin
self-administration in the rat. In a recent study in rats, two
schedules of heroin self-administration were compared. One
group of rats were trained with a 20-s timeout after each heroin
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infusion, whereas the other rats were trained without timeout. The
rats in the latter group self-administered heroin in a ‘burst-like’
pattern, which produced spikes in 6-MAM that were sharper and
of greater magnitude than those observed in rats trained on a
timeout schedule. Interestingly, the drops in 6-MAM concentra-
tions coincided with the resumption of lever pressing for heroin
[221].
To date, no study has directly investigated the rewarding effects

of M6G in either humans or animals. And yet, as pointed out in
previous sections, there is evidence of increased M6G synthesis in
people with heroin use disorder [60]. It has been shown that
heroin self-administration can induce the synthesis of M6G in the
rat, as indicated by increased levels of M6G in rats that had self-
administered heroin relative to those that had self-administered
saline [63]. Likewise, the Vmax for M6G synthesis in liver
microsomal preparations incubated with morphine, correlated
with plasma levels of M6G in rats that had self-administered
heroin, whereas M6G was undetectable in rats that had self-
administered saline. Furthermore, in rats trained to self-administer
heroin or morphine, the M6G receptor antagonist 3-MNTX
increased the infusion rate of both drugs at doses effective in
blocking morphine analgesia only [123, 222]. These findings point
to a possible role of M6G in the reinforcing effects of heroin,
although the exact pharmacological mechanism (e.g., a possible
M6G-specific receptor subtype) remains elusive. Finally, studies in
rodents have shown that increased synthesis of M6G might
potentiate heroin withdrawal syndrome. Naloxone-precipitated
symptoms are in fact more severe after repeated M6G adminis-
tration than after morphine [128].

DISTINCT ROLES FOR HEROIN AND ITS METABOLITES IN
HEROIN ADDICTION
We reviewed here major aspects of the neuropsychopharmacol-
ogy of heroin and of its active metabolites: 6-MAM, morphine, and
M6G. While it is often assumed that the rewarding effects of
heroin depend on morphine, the contribution of 6-MAM and M6G
have not yet received enough attention. Indeed, there is growing
evidence that heroin and its three metabolites all play a major role
in both the acute effects of heroin, and in the development of
heroin use disorder.

Heroin, 6-MAM and the heroin ‘flash’
After i.v. injection in humans, heroin peaks at 30 s in the arterial
blood (and presumably in the brain) [26], a timing synchronous
with the characteristic heroin ‘flash’, highly desired by most users
[14, 15]. Although 6-MAM is produced by plasma esterases while
heroin is still distributing to the brain and other peripheral
compartments, heroin remains by far the prevailing opioid in the
plasma for about 8 min [26]. An in-vitro study using crude
membrane preparations from rat brains has shown that the
affinity of heroin to MOP is lower than that of 6-MAM [23],
suggesting that even in the presence of higher concentrations of
heroin, MOP would preferentially bind 6-MAM. However, it is not
clear to what extent this finding would translate to humans, both
because of the specific binding site labeled in this study (which
did “not allow recognition of the various opioid receptor
subtypes”), and because of possible species-specific differences.
Thus, to the extent that during the first minutes after i.v. injection,
heroin and 6-MAM coexist in the blood and in the brain, there is
no reason to dismiss the role of heroin itself in producing the
‘flash’.
One way to untangle the contribution of heroin versus 6-MAM

would be to block the deacetylation of heroin. Peripheral
administration of the cholinesterase inhibitor tri-ortho-tolyl
phosphate (which does not cross the blood-brain barrier) was
found to increase the analgesic potency of heroin (but not that of
6-MAM or morphine) in the mouse [83]. Yet, the same study found

that in vitro inhibition of tissue esterases in membrane prepara-
tions from the rat brain reduced MOP occupation, suggesting that
the increased analgesic effect of heroin might depend on its
deacetylation to 6-MAM in the brain. It remains to be determined
whether similar manipulations of enzymatic activity would also
affect the rewarding effects of heroin both in animals and in
humans.
Another appraoch would be to compare the brain concentra-

tion profiles of heroin and 6-MAM with the time-course of early
neurobiological effects. Of course, this type of studies cannot be
conducted in humans, at least at this time, but only in
experimental animals. As discussed in detail in previous sections,
Gottås and colleagues [31] found that i.v. administration of 6-MAM
in the rat increases dopamine concentrations in the rat striatum,
with a temporal profile somewhat related to the temporal profile
of the striatal concentrations of 6-MAM itself. However, and quite
surprisingly, the Cmax of striatal dopamine after heroin was half
that observed after 6-MAM, with a much longer Tmax (14 min after
heroin vs. 8 min after 6-MAM). This suggests that the pharmaco-
logical actions of heroin somewhat ‘antagonize’ those of 6-MAM,
at least for what concern dopamine release in the rat striatum. In
any case, to the extent that the kinetics of dopamine release
observed in the rat [31] reflect those occurring in humans, it
appears that the temporal pattern of striatal dopamine does not
match the almost instantaneous ‘flash’ reported by heroin users
after i.v. administration [25, 47, 147], consistent with the literature
that questions the contribution of dopamine transmission to
heroin reward [222–225]. Dopamine-independent mechanisms of
heroin reward have been proposed [226, 227], although this area
of research is still inexplicably understudied.

Contribution of morphine and M6G to heroin reward
Both morphine and M6G have been shown to possess intrinsic
rewarding effects. Morphine produces subjective effects similar to
those of heroin when given i.v. [181, 228], and while no such
comparative studies have yet been performed for M6G, it has
been reported that this metabolite is at least as effective as
morphine in inducing CPP [210]. Thus, while 6-MAM is undoubt-
edly the main metabolite present in the first few minutes
following heroin administration, it is reasonable to assume that
also morphine and M6G play a part in the subjective and
behavioral effects of heroin. Morphine concentrations surpass
those of heroin and 6-MAM at about 10min after i.v. administra-
tion of heroin [22, 25] (Fig. 3), and M6G concentrations surpass
those of 6-MAM at about 25min [25]. Although the temporal
profiles of morphine and M6G concentrations do not match the
heroin ‘flash’, they overlap with the subsequent, long-lasting
feelings of contentment, or ‘tranquil-high’, which is much
appreciated at least by some users [13, 229].

Morphine- and M6G-induced neuroadaptations
The long half-lives of morphine (about 1.5–3 h) and M6G (about
2–6 h) might play a role not only in the acute rewarding effects of
heroin but also in the neural adaptations underlying tolerance,
physical dependence, and transition to addiction [230, 231].
Morphine and M6G slow clearance from the brain coupled with
their preferential extracellular distribution produce in fact
prolonged activation of MOP [116]. The pharmacological actions
of M6G [90] might be of particular relevance, as indicated by their
high efficacy at MOP located in the locus coeruleus [111], where
opioid-induced long-term neuronal inhibition is an important
contributor to the development of tolerance [232, 233]. The high
efficacy of M6G in activating the β-arrestin-2 pathway has been
implicated in the vulnerability to side-effects such as respiratory
depression [234], though this hypothesis has been challenged by
recent studies [235–237]. Like morphine and other opioid agonists
(including those used as replacement treatments: buprenorphine
and methadone [238, 239]), M6G can produce hyperalgesia and
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this effect is more robust and of more rapid onset than with
morphine [240]. Hyperalgesia is a characteristic feature of heroin
withdrawal syndrome [241] and seems to predict the intensity of
heroin craving induced by drug cues [242]. Indeed, two preclinical
studies have suggested a putative role for M6G in potentiating
opioid withdrawal symptoms [128, 243].
In the light of the findings summarized above, it is interesting

that higher M6G/M3G concentration ratio was found in people
with heroin use disorder relative to people receiving morphine for
pain control [60]. Furthermore, late clinical impairment in heroin
users was found to be associated with higher levels of M6G [244],
and M6G accumulation was observed in morphine-treated
patients with renal failure [245]. Thus, it would be important to
investigate the possible role of M6G in producing the neuroplastic
adaptations implicated in the development of heroin addiction, as
well as associated pathologies.

Four tentative questions
Human studies are sorely needed to tease apart the role of heroin
and its metabolites (as well as the interaction among them) in
heroin addiction. At present, we know very little about the
reinforcing effects of 6-MAM and M6G, and what we know comes
exclusively from animal studies (see sections on ICSS, CPP, and
self-administration). Thus, it would be important to investigate the
rewarding effects of these two metabolites in humans. Further-
more, future research should address four crucial questions. Is the
initial, instantaneous, short-lived ‘flash’ produced by i.v. heroin due
to the similarly instantaneous spike in arterial concentrations of
heroin (implying a similarly instantaneous spike in the brain)? Is
the subsequent pleasant state of stunned calm the result of
6-MAM actions? Is the prolonged sense of contentment and well-
being experienced by some heroin users the result of morphine
and/or M6G actions? Do morphine and M6G contribute to the
neuroplastic adaptations responsible for heroin use disorder and
vulnerability to relapse? These issues might be addressed by
testing the effects of enzymatic inhibitors, as well as of
compounds that mimic the pharmacodynamic profiles of heroin,
6-MAM, or morphine without being subject to enzymatic
transformation in active metabolites.

CONCLUSIONS
For a long time, morphine has been considered the substance
responsible for the rewarding effects of heroin, the latter being
demoted to the status of pro-drug. In this review we argued for a
more complex interplay among four actors: heroin per se, 6-MAM,
morphine, and M6G. This novel viewpoint has important clinical
and theoretical implications.
Given its chronic relapsing nature, the treatment of heroin use

disorder is mainly based on long-term replacement treatment
with opioid agonists such as oral methadone and sublingual
buprenorphine [246]. Both drugs possess clinically favourable
pharmacokinetic and pharmacodynamic profiles: higher affinity to
MOP than morphine [247, 248], high brain uptake [249, 250], long
duration of action [11]. Buprenorphine also act as a neutral
antagonist at DOP and KOP, and being a partial agonist with low
dissociation constant at MOP, behaves as an antagonist towards
heroin [251, 252]. Methadone and buprenorphine replacement
treatments are extremely effective in most clients [253, 254].
However, these treatments present some limitations. The reten-
tion rate is not optimal, with a drop-out rate of 40–60% within the
first 12 months (often because of side effects such as dysphoria or
QT interval prolongation [255]). Hence the search for alternative
therapeutic options. Several European countries and Canada have
approved the use of slow-release oral morphine, which seems to
be more effective than methadone in reducing craving [256–258].
Similarly effective are the immediate or extended release oral
formulations of diacetylmorphine [48, 259], as well as

diacetylmorphine nasal spray [42]. The same rationale obviously
applies to heroin-assisted treatment (HAT) programs, which
appeal to a subgroup of users otherwise resistant to usual
replacement treatments [260, 261]. The fact that pharmaceutical
grade heroin and morphine already represent viable replacement
strategies for heroin use disorder, suggests that also 6-MAM and
M6G, or compounds that mimic their distinctive pharmacokinetic/
pharmacodynamic profiles, should become the focus of research
aimed at developing diversified and individualized treatment
programs. Clinicians have long recognized the existence of major
individual differences in the response to the many MOP agonists
available for pain control [262]. It is in fact impossible to predict for
each client the optimal drug and/or the optimal dosage, in terms
of both analgesic efficacy and adverse effects. What works well in
one person might not do so in another. There is no reason to think
that this line of reasoning should not apply to opioid replacement
treatment.
Finally, we have emphasized the role of dopamine-independent

mechanisms in heroin reward, without discounting the possible
contribution of dopamine-dependent mechanisms, particularly in
the case of 6-MAM. In this respect it is important to notice that
major differences in the ability to engage dopaminergic transmis-
sion are not limited to heroin and its metabolites. Even more
dramatic differences are evident when opiates like morphine are
compared to synthetic opioids, such as oxycodone [263]. There-
fore, the pharmacological mechanisms responsible for the
rewarding effects might differ greatly from one opioid agonist
to another, particularly in terms of the involvement of the
dopaminergic system. Lumping all opioid agonists under a single
label might hinder a better understanding of opioid use disorders.
Heroin and its metabolites represent a unique combination of
opioids with partly different mechanisms of action. It follows that
heroin users do not take a single drug but four (heroin, 6-MAM,
morphine, and M6G), each with its distinctive rewarding profile,
which might help to explain why heroin is still the most abused
opioid world-wide.

REFERENCES
1. Salavert A, Zazzo A, Martin L, Antolín F, Gauthier C, Thil F, et al. Direct dating

reveals the early history of opium poppy in western Europe. Sci Rep.
2020;10:1–10.

2. Merlin MD. On the trail of the ancient opium poppy: natural and early cultural
history of papaver somniferum. Assoc Univ Press East Brunswick, New Jersey. 1984.

3. Krikorian AD. Were the opium poppy and opium known in the ancient Near
East? J Hist Biol. 1975;8:95–114.

4. Dikötter F, Laamann LP, Xun Z. (eds) Narcotic culture: a history of drugs in China
(Hong Kong University Press, 2004).

5. Courtright DT. (eds) Dark paradise: a history of opiate use in America (Harvard
University Press, Cambridge, 1982).

6. De Ridder M. Heroin: new facts about an old myth. J Psychoact Drugs.
1994;26:65–8.

7. Wolff PO. Heroin from the international point of view. Br J Addict Alcohol Other
Drugs. 1956;53:51–63.

8. Global Burden of Disease Collaborative Network. Global Burden of Disease
Study 2019 (GBD 2019) Healthcare Access and Quality Index 1990-2019 (Seattle,
United States of America: Institute for Health Metrics and Evaluation, 2022).

9. European Monitoring Centre for Drugs and Drug Addiction, European Drug
Report 2022: Trends and Developments (Publications Office of the European
Union, Luxembourg, 2022).

10. UNODC, World Drug Report 2022 (United Nations publication, 2022).
11. Gutstein HB, Akil H, in Goodman and Gilman’s The Pharmacological Basis of

Therapeutics 10th edn, (eds Hardman JG & Limbird LE) Ch. 23 (McGraw-Hill, New
York, 2001).

12. Oldendorf WH, Hyman S, Braun LOS. Blood-brain barrier: penetration of mor-
phine, codeine, heroin, and methadone after carotid injection. Science (80-).
1972;178:984–7.

13. Koob GF, Arends MA, Le Moal M. (eds) Drugs, addiction, and the brain (Aca-
demic Press, San Diego, 2014).

14. Seecof R, Tennant FS. Subjective perceptions to the intravenous ‘rush’ of heroin
and cocaine in opioid addicts. Am J Drug Alcohol Abus. 1986;12:79–87.

M.S. Milella et al.

11

Translational Psychiatry          (2023) 13:120 



15. Chessick RD. The ‘pharmacogenic orgasm’ in the drug addict. Arch Gen Psych.
1960;3:545–56.

16. Avdeef A, Barrett DA, Shaw PN, Knaggs RD, Davis SS. Octanol−, chloroform−,
and propylene glycol dipelargonat− water partitioning of morphine-6-
glucuronide and other related opiates. J Med Chem. 1996;39:4377–81.

17. Seleman M, Chapy H, Cisternino S, Courtin C, Smirnova M, Schlatter J, et al.
Impact of P-glycoprotein at the blood-brain barrier on the uptake of heroin and
its main metabolites: behavioral effects and consequences on the transcrip-
tional responses and reinforcing properties. Psychopharmacol (Berl).
2014;231:3139–49.

18. Bourasset F, Cisternino S, Temsamani J, Scherrmann J-M. Evidence for an active
transport of morphine-6-β-d-glucuronide but not P-glycoprotein-mediated at
the blood–brain barrier. J Neurochem. 2003;86:1564–7.

19. Bogusz MJ, Maier RD, Driessen S. Morphine, morphine-3-glucuronide, morphine-
6-glucuronide, and 6- monoacetylmorphine determined by means of atmo-
spheric pressure chemical ionization-mass spectrometry-liquid chromatography
in body fluids of heroin victims. J Anal Toxicol. 1997;21:346–55.

20. Gottås A, Øiestad EL, Boix F, Vindenes V, Ripel A, Thaulow CH, et al. Levels of
heroin and its metabolites in blood and brain extracellular fluid after i.v. heroin
administration to freely moving rats. Br J Pharm. 2013;170:546–56.

21. Boix F, Andersen JM, Mørland J. Pharmacokinetic modeling of subcutaneous
heroin and its metabolites in blood and brain of mice. Addict Biol. 2013;18:1–7.

22. Rentsch KM, Kullak-Ublick GA, Reichel C, Meier PJ, Fattinger K. Arterial and
venous pharmacokinetics of intravenous heroin in subjects who are addicted to
narcotics. Clin Pharm Ther. 2001;70:237–46.

23. Inturrisi CE, Max MB, Foley KM, Schultz M, Shin S-U, Houde RW. The pharma-
cokinetics of heroin in patients with chronic pain. N. Engl J Med.
1984;310:1213–7.

24. Jenkins AJ, Keenan RM, Henningfield JE, Cone EJ. Pharmacokinetics and phar-
macodynamics of smoked heroin. J Anal Toxicol. 1994;18:317–30.

25. Rook EJ, Van Ree JM, Van Den Brink W, Hillebrand MJX, Huitema ADR, Hendriks
VM, et al. Pharmacokinetics and pharmacodynamics of high doses of pharma-
ceutically prepared heroin, by intravenous or by inhalation route in opioid-
dependent patients. Basic Clin Pharm Toxicol. 2006;98:86–96.

26. Rook E, Huitema A, Brink W, Ree J, Beijnen J. Pharmacokinetics and pharma-
cokinetic variability of heroin and its metabolites: review of the literature. Curr
Clin Pharm. 2008;1:109–18.

27. Rook EJ, Huitema ADR, Van Den Brink W, Van Ree JM, Beijnen JH. Population
pharmacokinetics of heroin and its major metabolites. Clin Pharmacokinet.
2006;45:401–17.

28. Lockridge O, Mottershaw-Jackson N, Eckerson HW, La Du BN. Hydrolysis of
diacetylmorphine (heroin) by human serum cholinesterase. J Pharm Exp Ther.
1980;215:1.

29. Way EL, Kemp JW, Young JM, Grassetti DR. The pharmacologic effects of heroin
IX relationship to its rate of biotransformation. J Pharm Exp Ther. 1960;129:144.

30. Nakamura GR, Ukita T. Paper chromatography study of in vitro and in vivo
hydrolysis of heroin in blood. J Pharm Sci. 1967;56:294–5.

31. Gottås A, Boix F, Oiestad EL, Vindenes V, Morland J. Role of
6-monoacetylmorphine in the acute release of striatal dopamine induced by
intravenous heroin. Int J Neuropsychopharmacol. 2014;17:1357–65.

32. Alambyan V, Pace J, Miller B, Cohen ML, Gokhale S, Singh G, et al. The emerging
role of inhaled heroin in the opioid epidemic: a review. JAMA Neurol.
2018;75:1423–34.

33. Ciccarone D. Heroin in brown, black and white: structural factors and medical
consequences in the US heroin market. Int J Drug Policy. 2009;20:277–82.

34. Nielson DW, Goerke J, Clements JA. Alveolar subphase pH in the lungs of
anesthetized rabbits. Proc Natl Acad Sci. 1981;78:7119–23.

35. Hendriks VM, Van den Brink W, Blanken P, Bosman IJ, Van Ree JM. Heroin self-
administration by means of ‘chasing the dragon’: pharmacodynamics and
bioavailability of inhaled heroin. Eur Neuropsychopharmacol. 2001;11:241–52.

36. Mo BP-N, Way EL. An assessment of inhalation as a mode of administration of
heroin by addicts. J Pharm Exp Ther. 1966;154:142.

37. Kendall JM, Latter VS. Intranasal diamorphine as an alternative to intramuscular
morphine: pharmacokinetic and pharmacodynamic aspects. Clin Pharmacoki-
net. 2003;42:501–13.

38. Sarkar MA. Drug metabolism in the nasal mucosa. Pharm Res. 1992;9:1–9.
39. Comer SD, Collins ED, MacArthur RB, Fischman MW. Comparison of intravenous

and intranasal heroin self-administration by morphine-maintained humans.
Psychopharmacol (Berl). 1999;143:327–38.

40. Cone EJ, Holicky BA, Grant TM, Darwin WD, Goldberger BA. Pharmacokinetics
and pharmacodynamics of intranasal “snorted” heroin. J Anal Toxicol.
1993;17:327–37.

41. Skoppl G, Ganssmann B, Cone EJ, Aderjan R. Plasma concentrations of heroin
and morphine-related metabolites after intranasal and intramuscular adminis-
tration. J Anal Toxicol. 1997;21:105–11.

42. Mitchell TB, Lintzeris N, Bond A, Strang J. Feasibility and acceptability of an
intranasal diamorphine spray as an alternative to injectable diamorphine for
maintenance treatment. Eur Addict Res. 2006;12:91–5.

43. Hope VD, Parry JV, Ncube F, Hickman M. Not in the vein:‘missed hits’, sub-
cutaneous and intramuscular injections and associated harms among people
who inject psychoactive drugs in Bristol, United Kingdom. Int J Drug Policy.
2016;28:83–90.

44. Hankins C, Palmer D, Singh R. Unintended subcutaneous and intramuscular
injection by drug users. Cmaj. 2000;163:1425–6.

45. Meyer M, Eichenberger R, Strasser J, Dürsteler KM, Vogel M. One prick and then
it´ s done: a mixed-methods exploratory study on intramuscular injection in
heroin-assisted treatment. Harm Reduct J. 2021;18:1–10.

46. Girardin F, Rentsch KM, Schwab MA, Maggiorini M, Pauli-Magnus C, Kullak-
Ublick GA, et al. Pharmacokinetics of high doses of intramuscular and oral
heroin in narcotic addicts. Clin Pharm Ther. 2003;74:341–52.

47. Gyr E, Brenneisen R, Bourquin D, Lehmann T, Vonlanthen D, Hug I. Pharmaco-
dynamics and pharmacokinetics of intravenously, orally and rectally adminis-
tered diacetylmorphine in opioid dependents, a two-patient pilot study within a
heroin-assisted treatment program. Int J Clin Pharm Ther. 2000;38:486–91.

48. Perger L, Rentsch KM, Kullak-Ublick GA, Verotta D, Fattinger K. Oral heroin in
opioid-dependent patients: pharmacokinetic comparison of immediate and
extended release tablets. Eur J Pharm Sci. 2009;36:421–32.

49. Bahar FG, Ohura K, Ogihara T, Imai T. Species difference of esterase expression
and hydrolase activity in plasma. J Pharm Sci. 2012;101:3979–88.

50. Gulaboski R, Cordeiro MNDS, Milhazes N, Garrido J, Borges F, Jorge M, et al.
Evaluation of the lipophilic properties of opioids, amphetamine-like drugs, and
metabolites through electrochemical studies at the interface between two
immiscible solutions. Anal Biochem. 2007;361:236–43.

51. Raleigh MD, Pravetoni M, Harris AC, Birnbaum AK, Pentel PR. Selective effects of
a morphine conjugate vaccine on heroin and metabolite distribution and
heroin-induced behaviors in rats. J Pharm Exp Ther. 2013;344:397–406.

52. Kamendulis LM, Brzezinski MR, Pindel EV, Bosron WF, Dean RA. Metabolism of
cocaine and heroin is catalyzed by the same human liver carboxylesterases. J
Pharm Exp Ther. 1996;279:713–7.

53. Hasselström J, Säwe J. Morphine pharmacokinetics and metabolism in humans.
Clin Pharmacokinet. 1993;24:344–54.

54. Osborne R, Thompson P, Joel S, Trew D, Patel N, Slevin M. The analgesic activity
of morphine‐6‐glucuronide. Br J Clin Pharm. 1992;34:130–8.

55. Dahan A, Romberg R, Teppema L, Sarton E, Bijl H, Olofsen E. Simultaneous
measurement and integrated analysis of analgesia and respiration after an
intravenous morphine infusion. Anesthesiology. 2004;101:1201–9.

56. Sverrisdóttir E, Lund TM, Olesen AE, Drewes AM, Christrup LL, Kreilgaard M. A
review of morphine and morphine-6-glucuronide’s pharmacokinetic-
pharmacodynamic relationships in experimental and clinical pain. Eur J Pharm
Sci. 2015;74:45–62.

57. Glare PA, Walsh TD. Clinical pharmacokinetics of morphine. Ther Drug Monit.
1991;13:1–23.

58. Bodenham A, Quinn K, Park GR. Extrahepatic morphine metabolism in man
during the anhepatic phase of orthotopic liver transplantation. BJA Br J Anaesth.
1989;63:380–4.

59. Milne RW, Nation RL, Somogyi AA. The disposition of morphine and its 3- and
6-glucuronide metabolites in humans and animals, and the importance of the
metabolites to the pharmacological effects of morphine. Drug Metab Rev.
1996;28:345–472.

60. Antonilli L, Semeraro F, Suriano C, Signore L, Nencini P. High levels of
morphine-6-glucuronide in street heroin addicts. Psychopharmacol (Berl).
2003;170:200–4.

61. Faura CC, Collins SL, Moore RA, McQuay HJ. Systematic review of factors
affecting the ratios of morphine and its major metabolites. Pain. 1998;74:43–53.

62. Lawrence AJ, Michalkiewicz A, Morley JS, Mackinnon K, Billington D. Differential
inhibition of hepatic morphine UDP-glucuronosyltransferases by metal ions.
Biochem Pharm. 1992;43:2335–40.

63. Meringolo M, Brusadin V, De Luca MT, Montanari C, Antonilli L, Nencini P, et al.
Erratum to: Induction of morphine-6-glucuronide synthesis by heroin self-
administration in the rat (Psychopharmacology (2012) DOI 10.1007/s00213-011-
2534-7). Psychopharmacol (Berl). 2012;221:359.

64. Antonilli L, Suriano C, Paolone G, Badiani A, Nencini P. Repeated exposures to
heroin and/or cadmium alter the rate of formation of morphine glucuronides in
the rat. J Pharm Exp Ther. 2003;307:651.

65. Antonilli L, Petecchia E, Caprioli D, Badiani A, Nencini P. Effect of repeated
administrations of heroin, naltrexone, methadone, and alcohol on morphine
glucuronidation in the rat. Psychopharmacol (Berl). 2005;182:58.

66. Antonilli L, Brusadin V, Milella MS, Sobrero F, Badiani A, Nencini P. In vivo
chronic exposure to heroin or naltrexone selectively inhibits liver microsome
formation of estradiol-3-glucuronide in the rat. Biochem Pharm. 2008;76:672–9.

M.S. Milella et al.

12

Translational Psychiatry          (2023) 13:120 



67. Andersson M, Björkhem‐Bergman L, Ekström L, Bergqvist L, Lagercrantz H, Rane
A, et al. Detection of morphine‐3‐sulfate and morphine‐6‐sulfate in human urine
and plasma, and formation in liver cytosol. Pharm Res Perspect. 2014;2:e00071.

68. Wu D, Kang Y-S, Bickel U, Pardridge WM. Blood-brain barrier permeability to
morphine-6-glucuronide is markedly reduced compared with morphine. Drug
Metab Dispos. 1997;25:768.

69. Murphey LJ, Olsen GD. Diffusion of morphine-6-beta-D-glucuronide into the
neonatal guinea pig brain during drug-induced respiratory depression. J Pharm
Exp Ther. 1994;271:118.

70. Carrupt PA, Testa B, Bechalany A, El Tayar N, Descas P, Perrissoud D. Morphine
6-glucuronide and morphine 3-glucuronide as molecular chameleons with
unexpected lipophilicity. J Med Chem. 1991;34:1272–5.

71. Lötsch J. Pharmacokinetic-pharmacodynamic modeling of opioids. J Pain
Symptom Manag. 2005;29:90–103.

72. Stain-Texier F, Boschi G, Sandouk P, Scherrmann JM. Elevated concentrations of
morphine 6-beta-D-glucuronide in brain extracellular fluid despite low blood-
brain barrier permeability. Br J Pharm. 1999;128:917–24.

73. Milne RW, Nation RL, Somogyi AA, Bochner F, Griggs WM. The influence of renal
function on the renal clearance of morphine and its glucuronide metabolites in
intensive-care patients. Br J Clin Pharm. 1992;34:53–9.

74. Benarroch EE. Endogenous opioid systems: current concepts and clinical cor-
relations. Neurology. 2012;79:807–14.

75. Pasternak GW, Pan Y-X. Mu opioids and their receptors: evolution of a concept.
Pharm Rev. 2013;65:1257–317.

76. Stein C. Opioid receptors. Annu Rev Med. 2016;67:433–51.
77. Conibear AE, Kelly E. A biased view of μ-opioid receptors? Mol Pharm.

2019;96:542–9.
78. Dang VC, Christie MJ. Mechanisms of rapid opioid receptor desensitization,

resensitization and tolerance in brain neurons. Br J Pharm. 2012;165:1704–16.
79. Bohn LM, Gainetdinov RR, Lin F-T, Lefkowitz RJ, Caron MG. μ-Opioid receptor

desensitization by β-arrestin-2 determines morphine tolerance but not depen-
dence. Nature. 2000;408:720–3.

80. Shen J, Gomes AB, Gallagher A, Stafford K, Yoburn BC. Role of cAMP-dependent
protein kinase (PKA) in opioid agonist-induced μ-opioid receptor down-
regulation and tolerance in mice. Synapse. 2000;38:322–7.

81. Pasternak GW. Incomplete cross tolerance and multiple mu opioid peptide
receptors. Trends Pharm Sci. 2001;22:67–70.

82. Inturrisi CE, Schultz M, Shin S, Umans JG, Angel LSE. Evidence from opiate
binding studies that heroin acts through its metabolites. Life Sci.
1983;33(c):773–6.

83. Gianutsos G, Cohen SD, Carlson G, Heyman R, Salva P, Morrow G, et al. Alteration
of in vivo and in vitro effects of heroin by esterase inhibition. Toxicol Appl
Pharm. 1986;82:14–8.

84. Terenius L. Characteristics of the “Receptor” for narcotic analgesics in synaptic
plasma membrane fraction from rat brain. Acta Pharm Toxicol (Copenh).
1973;33:377–84.

85. Pert CB, Snyder SH. Properties of opiate receptor binding in rat brain. Proc Natl
Acad Sci USA. 1973;70:2243–7.

86. Selley DE, Cao CC, Sexton T, Schwegel JA, Martin TJ, Childers SR. μ Opioid
receptor-mediated G-protein activation by heroin metabolites: evidence for
greater efficacy of 6-monoacetylmorphine compared with morphine. Biochem
Pharm. 2001;62:447–55.

87. Rossi GC, Brown GP, Leventhal L, Yang K, Pasternak GW. Novel receptor
mechanisms for heroin and morphine-6β-glucuronide analgesia. Neurosci Lett.
1996;216:1–4.

88. Schuller AGP, King MA, Zhang J, Bolan E, Pan YX, Morgan DJ, et al. Retention of
heroin and morphine-6β-glucuronide analgesia in a new line of mice lacking
exon 1 of MOR-1. Nat Neurosci. 1999;2:151–6.

89. Mizoguchi H, Wu H-E, Narita M, Sora I, Hall FS, Uhl GR, et al. Lack of μ-opioid
receptor-mediated g-protein activation in the spinal cord of mice lacking exon 1
or exons 2 and 3 of the MOR-1 gene. J Pharm Sci. 2003;93:423–9.

90. Kitanaka N, Sora I, Kinsey S, Zeng Z, Uhl GR. No heroin or morphine
6β-glucuronide analgesia in μ-opioid receptor knockout mice. Eur J Pharm.
1998;355:R1–3.

91. Baumann MH, Kopajtic TA, Madras BK. Pharmacological research as a key
component in mitigating the opioid overdose crisis. Trends Pharm Sci.
2018;39:995–8.

92. Rady JJ, Aksu F, Fujimoto JM. The heroin metabolite, 6-monoacetylmorphine,
activates delta opioid receptors to produce antinociception in Swiss-Webster
mice. J Pharm Exp Ther. 1994;268:1222–31.

93. Porreca F, Mosberg HI, Hurst R, Hruby VJ, Burks TF. Roles of mu, delta and
kappa opioid receptors in spinal and supraspinal mediation of gastro-
intestinal transit effects and hot-plate analgesia in the mouse. J Pharm Exp
Ther. 1984;230:341.

94. Shook JE, Watkins WD, Camporesi EM. Differential roles of opioid receptors in
respiration, respiratory disease, and opiate-induced respiratory depression. Am
Rev Respir Dis. 1990;142:909.

95. Ling GSF, Spiegel K, Lockhart SH, Pasternak GW. Separation of opioid analgesia
from respiratory depression: evidence for different receptor mechanisms. J
Pharm Exp Ther. 1985;232:149–55.

96. Moskowitz AS, Goodman RR. Autoradiographic distribution of Mu1 and Mu2
opioid binding in the mouse central nervous system. Brain Res.
1985;360:117–29.

97. Pasternak GW, Hahn EF. Long-acting opiate agonists and antagonists: 14-
hydroxydihydromorphinone hydrazones. J Med Chem. 1980;23:674–6.

98. Robinson SL, Rowbotham DJ, Smith G. Morphine compared with diamorphine.
Anaesthesia. 1991;46:538–40.

99. Kaiko RF, Wallenstein SL, Rogers AG, Grabinski PY, Houde RW, Kaiko RF.
Analgesic and mood effects of heroin and morphine in cancer patients with
postoperative pain. N. Engl J Med. 1981;304:1501–5.

100. Reichle CW, Smith GM, Gravenstein JS, Macris SG, Beecher HK. Comparative
analgesic potency of heroin and morphine in postoperative patients. J Pharm
Exp Ther. 1962;136:43.

101. Twycross RG. Choice of strong analgesic in terminal cancer: diamorphine or
morphine? Pain. 1977;3:93–104.

102. Scott ME, Orr R. Effects of diamorphine, methadone, morphine, and pentazocine
in patients with suspected acute myocardial infarction. Lancet.
1969;293:1065–7.

103. Seevers MH, Pfeiffer CC. A study of the analgesia, subjective depression, and
euphoria produced by morphine, heroine, dilaudid and codeine in the normal
human subject. J Pharm Exp Ther. 1936;56:166–87.

104. Twycross RG. Stumbling blocks in the study of diamorphine. Postgrad Med J.
1973;49:309–13.

105. Bailey CP, Smith FL, Kelly E, Dewey WL, Henderson G. How important is protein
kinase C in μ-opioid receptor desensitization and morphine tolerance? Trends
Pharm Sci. 2006;27:558–65.

106. Droney J, Ross J, Gretton S, Welsh K, Sato H, Riley J. Constipation in cancer
patients on morphine. Support Care Cancer. 2008;16:453–9.

107. Smith FL, Javed R, Elzey MJ, Welch SP, Selley D, Sim-Selley L, et al. Prolonged
reversal of morphine tolerance with no reversal of dependence by protein
kinase C inhibitors. Brain Res. 2002;958:28–35.

108. Lange DG, Roerig SC, Fujimoto JM, Wang RIH. Absence of cross-tolerance to
heroin in morphine-tolerant mice. Science (80-). 1980;208:72–4.

109. Ulens C, Baker L, Ratka A, Waumans D, Tytgat J. Morphine-6β-glucuronide and
morphine-3-glucuronide, opioid receptor agonists with different potencie-
s11Abbreviations: M3G, morphine-3-glucuronide; M6G, morphine-
6β-glucuronide; MOR, μ-opioid receptor; KOR, κ-opioid receptor; DOR, δ-opioid
receptor; GIRK c. Biochem Pharm. 2001;62:1273–82.

110. Pasternak GW, Bodnar RJ, Clark JA, Inturrisi CE. Morphine-6-glucuronide, a
potent mu agonist. Life s. 1987;41(c):2845–9.

111. Osborne PB, Chieng B, Christie MJ. Morphine-6β-glucuronide has a higher
efficacy than morphine as a mu-opioid receptor agonist in the rat locus coer-
uleus. Br J Pharm. 2000;131:1422–8.

112. Paul D, Standifer KM, Inturrisi CE, Pasternak GW. Pharmacological characteriza-
tion of morphine-6 beta-glucuronide, a very potent morphine metabolite. J
Pharm Exp Ther. 1989;251:477.

113. Gong Q-L, Hedner T, Hedner J, Björkman R, Nordberg G. Antinociceptive and
ventilatory effects of the morphine metabolites: morphine-6-glucuronide and
morphine-3-glucuronide. Eur J Pharm. 1991;193:47–56.

114. Sullivan AF, McQuay HJ, Bailey D, Dickenson AH. The spinal antinociceptive
actions of morphine metabolites morphine-6-glucuronide and normorphine in
the rat. Brain Res. 1989;482:219–24.

115. Shimomura K, Kamata O, Ueki S, Ida S, Oguri K, Yoshimura H, et al. Analgesic
effect of morphine glucuronides. Tohoku J Exp Med. 1971;105:45–52.

116. Kilpatrick GJ, Smith TW. Morphine-6-glucuronide: actions and mechanisms. Med
Res Rev. 2005;25:521–44.

117. Penson RT, Joel SP, Gloyne A, Clark S, Slevin ML. Morphine analgesia in cancer
pain: role of the glucuronides. J Opioid Manag. 2005;1:83–90.

118. Portenoy RK, Thaler HT, Inturrisi CE, Friedlander-Klar H, Foley KM. The metabolite
morphine-6-glucuronide contributes to the analgesia produced by morphine
infusion in patients with pain and normal renal function. Clin Pharm Ther.
1992;51:422–31.

119. Mignat C, Wille U, Ziegler A. Affinity profiles of morphine, codeine, dihy-
drocodeine and their glucuronides at opioid receptor subtypes. Life Sci.
1995;56:793–9.

120. Hucks D, Thompson PI, McLoughlin L, Joel SP, Patel N, Grossman A, et al.
Explanation at the opioid receptor level for differing toxicity of morphine and
morphine 6-glucuronide. Br J Cancer. 1992;65:122–6.

M.S. Milella et al.

13

Translational Psychiatry          (2023) 13:120 



121. Stachulski AV, Scheinmann F, Ferguson JR, Law JL, Lumbard KW, Hopkins P,
et al. Structure-activity relationships of some opiate glycosides. Bioorg Med
Chem Lett. 2003;13:1207–14.

122. Rossi GC, Pan Y-X, Brown GP, Pasternak GW. Antisense mapping the MOR-1
opioid receptor: evidence for alternative splicing and a novel morphine-
6β-glucuronide receptor. FEBS Lett. 1995;369:192–6.

123. Brown GP, Yang K, King MA, Rossi GC, Leventhal L, Chang A, et al. 3-Methox-
ynaltrexone, a selective heroin/morphine-6β-glucuronide antagonist. FEBS Lett.
1997;412:35–8.

124. Cann C, Curran J, Milner T, Ho B. Unwanted effects of morphine-6-glucuronide
and morphine. Anaesthesia. 2002;57:1200–3.

125. Thompson PI, Joel SP, John L, Wedzicha JA, Maclean M, Slevin ML. Respiratory
depression following morphine and morphine-6-glucuronide in normal sub-
jects. Br J Clin Pharm. 1995;40:145–52.

126. Oguri K, Yamada-Mori I, Shigezane J, Hirano T, Yoshimura H. Enhanced binding
of morphine and nalorphine to opioid delta receptor by glucuronate and sulfate
conjugations at the 6-position. Life Sci. 1987;41:1457–64.

127. Christensen CB, Reiff L. Morphine‐6‐glucuronide: receptor binding profile in
bovine caudate nucleus. Pharm Toxicol. 1991;68:151–3.

128. Frances B, Gout R, Monsarrat B, Cros JZJ. Further evidence that morphine-6
beta-glucuronide is a more potent opioid agonist than morphine. J Pharm Exp
Ther. 1992;262:25–31.

129. Grung M, Skurtveit S, Ripel Å, MØrland J. Lack of crosstolerance between
morphine and morphine-6-glucuronide as revealed by locomotor activity.
Pharm Biochem Behav. 2000;66:205–10.

130. Dang VC, Williams JT. Chronic morphine treatment reduces recovery from
opioid desensitization. J Neurosci. 2004;24:7699.

131. Frölich N, Dees C, Paetz C, Ren X, Lohse MJ, Nikolaev VO, et al. Distinct phar-
macological properties of morphine metabolites at G i-protein and β-arrestin
signaling pathways activated by the human μ-opioid receptor. Biochem Pharm.
2011;81:1248–54.

132. Crooks PA, Kottayil SG, Al-Ghananeem AM, Byrn SR, Butterfield DA. Opiate
receptor binding properties of morphine-, dihydromorphine-, and codeine 6-O-
sulfate ester congeners. Bioorg Med Chem Lett. 2006;16:4291–5.

133. Skarke C, Geisslinger G, Lötsch J. Is morphine-3-glucuronide of therapeutic
relevance? Pain. 2005;116:177–80.

134. Yadlapalli JSK, Ford BM, Ketkar A, Wan A, Penthala NR, Eoff RL, et al. Antinociceptive
effects of the 6-O-sulfate ester of morphine in normal and diabetic rats: comparative
role of mu-and delta-opioid receptors. Pharm Res. 2016;113:335–47.

135. Umans JGIC. Heroin: analgesia, toxicity and disposition in the mouse. Eur J
Pharm. 1982;85:317–23.

136. Umans JG, Inturrisi CE. Pharmacodynamics of subcutaneously administered
diacetylmorphine, 6-acetylmorphine and morphine in mice. J Pharm Exp Ther.
1981;218:409.

137. Kiyatkin EA. Respiratory depression and brain hypoxia induced by opioid drugs:
morphine, oxycodone, heroin, and fentanyl. Neuropharmacology.
2019;151:219–26.

138. Perekopskiy D, Kiyatkin EA. 6-monoacetylmorphine (6-MAM), not morphine, is
responsible for the rapid neural effects induced by intravenous heroin. ACS
Chem Neurosci. 2019;10:3409–14.

139. Wise RA, Bozarth MA. A psychomotor stimulant theory of addiction. Psychol Rev.
1987;94:469.

140. Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-
sensitization theory of addiction. Brain Res Rev. 1993;18:247–91.

141. Di Chiara G, Imperato A. Drugs abused by humans preferentially increase
synaptic dopamine concentrations in the mesolimbic system of freely moving
rats. Proc Natl Acad Sci. 1988;85:5274.

142. Covey DP, Roitman MF, Garris PA. Illicit dopamine transients: reconciling actions
of abused drugs. Trends Neurosci. 2014;37:200–10.

143. Gysling K, Wang RY. Morphine-induced activation of A10 dopamine neurons in
the rat. Brain Res. 1983;277:119–27.

144. Matthews RT, German DC. Electrophysiological evidence for excitation of rat
ventral tegmental area dopamine neurons by morphine. Neuroscience.
1984;11:617–25.

145. Johnson SW, North RA. Opioids excite dopamine neurons by hyperpolarization
of local interneurons. J Neurosci. 1992;12:483.

146. Daglish MRC, Williams TM, Wilson SJ, Taylor LG, Eap CB, Augsburger M, et al.
Brain dopamine response in human opioid addiction. Br J Psychiatry.
2008;193:65–72.

147. Watson BJ, Taylor LG, Reid AG, Wilson SJ, Stokes PR, Brooks DJ, et al. Investi-
gating expectation and reward in human opioid addiction with [11 C] raclopride
PET. Addict Biol. 2014;19:1032–40.

148. Spagnolo PA, Kimes A, Schwandt ML, Shokri-Kojori E, Thada S, Phillips KA, et al.
Striatal dopamine release in response to morphine: a [11C]raclopride positron
emission tomography study in healthy men. Biol Psychiatry. 2019;86:356–64.

149. Hemby SE, Martin TJ, Dworkin SI, Smith JE. The effects of intravenous heroin
administration on extracellular nucleus accumbens dopamine concentrations as
determined by in vivo microdialysis. J Pharm Exp Ther. 1995;273:591–8.

150. Marinelli M, Aouizerate B, Barrot M, Le Moal M, Piazza PV. Dopamine-dependent
responses to morphine depend on glucocorticoid receptors. Proc Natl Acad Sci.
1998;95:7742–7.

151. Wise RA, Leone P, Rivest R, Leeb K. Elevations of nucleus accumbens dopamine
and DOPAC levels during intravenous heroin self-administration. Synapse.
1995;21:140-148.

152. Gratton A. In vivo analysis of the role of dopamine in stimulant and opiate self-
administration. J Psychiatry Neurosci. 1996;21:264.

153. Kiyatkin EA, Wise RA, Gratton A. Drug‐ and behavior‐associated changes in
dopamine‐related electrochemical signals during intravenous heroin self‐
administration in rats. Synapse. 1993;14:60–72.

154. Kiyatkin EA, Rebec GV. Activity of presumed dopamine neurons in the ventral
tegmental area during heroin self-administration. Neuroreport. 1997;8:2581–5.

155. Ettenberg A, Pettit HO, Bloom FE, Koob GF. Heroin and cocaine intravenous self-
administration in rats: mediation by separate neural systems. Psychopharmacol
(Berl). 1982;78:204–9.

156. Pettit HO, Ettenberg A, Bloom FE, Koob GF. Destruction of dopamine in the
nucleus accumbens selectively attenuates cocaine but not heroin self-
administration in rats. Psychopharmacol (Berl). 1984;84:167–73.

157. Van Ree JM, Ramsey N. The dopamine hypothesis of opiate reward challenged.
Eur J Pharm. 1987;134:239–43.

158. Dworkin SI, Guerin GF, Co C, Goeders NE, Smith JE. Lack of an effect of
6-hydroxydopamine lesions of the nucleus accumbens on intravenous mor-
phine self-administration. Pharm Biochem Behav. 1988;30:1051–7.

159. Gerber GJ, Wise RA. Pharmacological regulation of intravenous cocaine and
heroin self-administration in rats: a variable dose paradigm. Pharm Biochem
Behav. 1989;32:527–31.

160. Gerrits MAFM, Ramsey NF, Wolterink G, Van Ree JM. Lack of evidence for an
involvement of nucleus accumbens dopamine D1 receptors in the initiation of
heroin self-administration in the rat. Psychopharmacol (Berl). 1994;114:486–94.

161. Higgins GA, Joharchi N, Wang Y, Corrigall WA, Sellers EM. The CCKA receptor
antagonist devazepide does not modify opioid self-administration or drug
discrimination: comparison with the dopamine antagonist haloperidol. Brain
Res. 1994;640:246–54.

162. Gerrits MAFM, Van Ree JM. Effect of nucleus accumbens dopamine depletion on
motivational aspects involved in initiation of cocaine and heroin self-
administration in rats. Brain Res. 1996;713:114–24.

163. Pisanu A, Lecca D, Valentini V, Bahi A, Dreyer J-L, Cacciapaglia F, et al. Impair-
ment of acquisition of intravenous cocaine self-administration by RNA-
interference of dopamine D1-receptors in the nucleus accumbens shell. Neu-
ropharmacology. 2015;89:398–411.

164. Corre J, Van Zessen R, Loureiro M, Patriarchi T, Tian L, Pascoli V, et al. Dopamine
neurons projecting to medial shell of the nucleus accumbens drive heroin
reinforcement. Elife. 2018;7:e39945.

165. Galaj E, Han X, Shen H, Jordan CJ, He Y, Humburg B, et al. Dissecting the Role of
GABA Neurons in the VTA versus SNr in Opioid Reward. J Neurosci.
2020;40:8853–69.

166. Pan YX, Xu J, Xu M, Rossi GC, Matulonis JE, Pasternak GW. Involvement of exon
11-associated variants of the mu opioid receptor MOR-1 in heroin, but not
morphine, actions. Proc Natl Acad Sci USA. 2009;106:4917–22.

167. Shabat-Simon M, Levy D, Amir A, Rehavi M, Zangen A. Dissociation between
rewarding and psychomotor effects of opiates: differential roles for glutamate
receptors within anterior and posterior portions of the ventral tegmental area. J
Neurosci. 2008;28:8406–16.

168. Ahmed SH, Cador M. Dissociation of psychomotor sensitization from compulsive
cocaine consumption. Neuropsychopharmacology. 2006;31:563–71.

169. Bardo MT, Bevins RA. Conditioned place preference: what does it add to our pre-
clinical understanding of drug reward? Psychopharmacol (Berl). 2000;153:31–43.

170. Caprioli D, Celentano M, Paolone G, Lucantonio F, Bari A, Nencini P, et al.
Opposite environmental regulation of heroin and amphetamine self-
administration in the rat. Psychopharmacol (Berl). 2008;198:395–404.

171. Castellano C, Filibeck U, Oliverio A. Effects of heroin, alone or in combination
with other drugs, on the locomotor activity in two inbred strains of mice. Psy-
chopharmacol (Berl). 1976;49:29–31.

172. Andersen JM, Ripel Å, Boix F, Normann PT, Mørland J. Increased locomotor
activity induced by heroin in mice: pharmacokinetic demonstration of heroin
acting as a prodrug for the mediator 6-monoacetylmorphine in vivo. J Pharm
Exp Ther. 2009;331:153–61.

173. Kvello AMS, Andersen JM, Øiestad EL, Mørland J, Bogen IL. Pharmacological
effects of a monoclonal antibody against 6-monoacetylmorphine upon heroin-
induced locomotor activity and pharmacokinetics in mice. J Pharm Exp Ther.
2016;358:181.

M.S. Milella et al.

14

Translational Psychiatry          (2023) 13:120 



174. Eriksen GS, Andersen JM, Boix F, Mørland J. 3-Methoxynaltrexone is not a
selective antagonist for the acute psychomotor stimulating effects of heroin and
6-monoacetylmorphine in mice. Pharm Biochem Behav. 2014;122:82–8.

175. Kvello AMS, Andersen JM, Boix F, Mørland J, Bogen IL. The role of
6-acetylmorphine in heroin-induced reward and locomotor sensitization in
mice. Addict Biol. 2020;25:1–10.

176. Vanderschuren LJMJ, De Vries TJ, Wardeh G, Hogenboom FACM, Schoffelmeer
ANM. A single exposure to morphine induces long‐lasting behavioural and
neurochemical sensitization in rats. Eur J Neurosci. 2001;14:1533–8.

177. Babbini M, Gaiardi M, Bartoletti M. Persistence of chronic morphine effects upon
activity in rats 8 months after ceasing the treatment. Neuropharmacology.
1975;14:611–4.

178. Vindenes V, Ripel Å̊, Handal M, Boix F, Mørland J. Interactions between mor-
phine and the morphine-glucuronides measured by conditioned place pre-
ference and locomotor activity. Pharm Biochem Behav. 2009;93:1–9.

179. Nguyen AT, Marquez P, Hamid A, Lutfy K. The role of mu opioid receptors in
psychomotor stimulation and conditioned place preference induced by
morphine-6-glucuronide. Eur J Pharm. 2012;682:86–91.

180. Handal M, Ripel Å, Skurtveit S, Mørland J. Behavioural sensitization in mice
induced by morphine-glucuronide metabolites. Pharm Biochem Behav.
2008;90:578–85.

181. Martin WR, Fraser HF. A comparative study of physiological and subjective
effects of heroin and morphine administered intravenously in postaddicts. J
Pharmacol Exp Ther. 1961;133:388–99.

182. Corrigall WA, Coen KM. Selective D1 and D2 dopamine antagonists decrease
response rates of food-maintained behavior and reduce the discriminative sti-
mulus produced by heroin. Pharm Biochem Behav. 1990;35:351–5.

183. Rowlett JK, Spealman RD, Platt DM. Cocaine-like discriminative stimulus effects
of heroin in squirrel monkeys: Role of active metabolites and opioid receptor
mechanisms. Psychopharmacol (Berl). 2000;150:191–9.

184. Platt DM, Rowlett JK, Spealman RD. Discriminative stimulus effects of intrave-
nous heroin and its metabolites in rhesus monkeys: opioid and dopaminergic
mechanisms. J Pharm Exp Ther. 2001;299:760.

185. Easterling KW, Holtzman SG. Comparison of the discriminative and anti-
nociceptive effects of morphine and its glucuronide metabolites after central or
systemic administration in the rat. Psychopharmacol (Berl). 1998;140:91–7.

186. Platt DM, Rowlett JK, Izenwasser S, Spealman RD. Opioid partial agonist effects
of 3-O-methylnaltrexone in rhesus monkeys. J Pharm Exp Ther.
2004;308:1030–9.

187. Olds J, Milner P. Positive reinforcement produced by electrical stimulation of
septal area and other regions of rat brain. J Comp Physiol Psychol. 1954;47:419.

188. Koob GF, Spector NH, Meyerhoff JL. Effects of heroin on lever pressing for
intracranial self-stimulation, food and water in the rat. Psychopharmacologia
1975;42:231–4.

189. Gerber GJ, Bozarth MA, Wise RA. Small-dose intravenous heroin facilitates
hypothalamic self-stimulation without response suppression in rats. Life Sci.
1981;28:557–62.

190. Lorens SA, Mitchell CL. Influence of morphine on lateral hypothalamic self-
stimulation in the rat. Psychopharmacologia. 1973;32:271–7.

191. Marcus R, Kornetsky C. Negative and positive intracranial reinforcement tres-
holds: effects of morphine. Psychopharmacologia. 1974;38:1–13.

192. Esposito R, Kornetsky C. Morphine lowering of self-stimulation thresholds: lack
of tolerance with long-term administration. Science (80-). 1977;195:189.

193. Hubner CB, Kornetsky C. Heroin, 6-acetylmorphine and morphine effects on
threshold for rewarding and aversive brain stimulation. J Pharm Exp Ther.
1992;260:562–7.

194. White NM, Carr GD. The conditioned place preference is affected by two
independent reinforcement processes. Pharm Biochem Behav. 1985;23:37–42.

195. Tzschentke TM. Measuring reward with the conditioned place preference
paradigm: a comprehensive review of drug effects, recent progress and new
issues. Prog Neurobiol. 1998;56:613–72.

196. McKendrick G, Graziane NM. Drug-induced conditioned place preference and its
practical use in substance use disorder research. Front Behav Neurosci.
2020;14:582147.

197. Solecki W, Turek A, Kubik J, Przewlocki R. Motivational effects of opiates in
conditioned place preference and aversion paradigm—a study in three inbred
strains of mice. Psychopharmacol (Berl). 2009;207:245.

198. Ashby CR, Paul M, Gardner EL, Heidbreder CA, Hagan JJ. Acute administration of
the selective D3 receptor antagonist SB-277011A blocks the acquisition and
expression of the conditioned place preference response to heroin in male rats.
Synapse. 2003;48:154–6.

199. Walker BM, Ettenberg A. The effects of alprazolam on conditioned place pre-
ferences produced by intravenous heroin. Pharm Biochem Behav.
2003;75:75–80.

200. Paul M, Dewey SL, Gardner EL, Brodie JD, Ashby CR Jr. Gamma‐vinyl GABA (GVG)
blocks expression of the conditioned place preference response to heroin in
rats. Synapse. 2001;41:219–20.

201. Mcfarland K, Ettenberg A. Haloperidol does not attenuate conditioned place
preferences or locomotor activation produced by food-or heroin-predictive
discriminative cues. Pharm Biochem Behav. 1999;62:631–41.

202. Schenk S, Ellison F, Hunt T, Amit Z. An examination of heroin conditioning in
preferred and nonpreferred environments and in differentially housed mature
and immature rats. Pharm Biochem Behav. 1985;22:215–20.

203. Mucha RF, Iversen SD. Reinforcing properties of morphine and naloxone
revealed by conditioned place preferences: a procedural examination. Psycho-
pharmacol (Berl). 1984;82:241–7.

204. Spyraki C, Fibiger HC, Phillips AG. Attenuation of heroin reward in rats by dis-
ruption of the mesolimbic dopamine system. Psychopharmacol (Berl).
1983;79:278–83.

205. Rossi NA, Reid LD. Affective states associated with morphine injections. Physiol
Psychol. 1976;4:269–74.

206. Foltin RW, Evans SM. Location preference related to smoked heroin self-
administration by rhesus monkeys. Psychopharmacol (Berl). 2001;155:419–25.

207. Rutten K, van der Kam EL, De Vry J, Tzschentke TM. Critical evaluation of the use
of extinction paradigms for the assessment of opioid-induced conditioned place
preference in rats. Pharmacology. 2011;87:286–96.

208. Vindenes V, Handal M, Ripel Å, Thaulow CH, Vindenes HB, Boix F, et al. Different
time schedules affect conditioned place preference after morphine and
morphine-6-glucuronide administration. Pharm Biochem Behav.
2008;89:374–83.

209. Vindenes V, Handal M, Ripel Å, Boix F, Mørland J. Conditioned place preference
induced by morphine and morphine-6-glucuronide in mice. Pharm Biochem
Behav. 2006;85:292–7.

210. Abbott FV, Franklin KBJ. Morphine-6-glucuronide contributes to rewarding
effects of opiates. Life Sci. 1991;48:1157–63.

211. Bogen IL, Boix F, Nerem E, Mørland J, Andersen JM. A monoclonal antibody
specific for 6-monoacetylmorphine reduces acute heroin effects in mice. J
Pharm Exp Ther. 2014;349:568–76.

212. Harrigan SE, Downs DA. Self-administration of heroin, acetylmethadol, mor-
phine, and methadone in rhesus monkeys. Life Sci. 1978;22:619–23.

213. van Ree JM, Slangen JL, de Wied D. Intravenous self-administration of drugs in
rats. J Pharm Exp Ther. 1978;204:547.

214. Lötsch J. Pharmacokinetic–pharmacodynamic modeling of opioids. J Pain
Symptom Manag. 2005;29:90–103.

215. Eddy NB. Heroin (Diacetylmorphine): laboratory and clinical evaluation of its
effectiveness and addiction liability. Bull Narc. 1953;5:39.

216. Tschacher W, Haemmig R, Jacobshagen N. Time series modeling of heroin and
morphine drug action. Psychopharmacol (Berl). 2003;165:188–93.

217. Smith GM, Beecher HK. Subjective effects of heroin and morphine in normal
subjects. J Pharm Exp Ther. 1962;136:47.

218. Badiani A, Caprioli D, De Pirro S. Opposite environmental gating of the
experienced utility (‘liking’) and decision utility (‘wanting’) of heroin versus
cocaine in animals and humans: implications for computational neuroscience.
Psychopharmacol (Berl). 2019;236:2451–71.

219. Avvisati R, Bogen IL, Andersen JM, Vindenes V, Mørland J, Badiani A, et al. The
active heroin metabolite 6-acetylmorphine has robust reinforcing effects as
assessed by self-administration in the rat. Neuropharmacology. 2019;150:192–9.

220. Shaham Y, Shalev U, Lu L, De Wit H, Stewart J. The reinstatement model of drug
relapse: history, methodology and major findings. Psychopharmacol (Berl).
2003;168:3–20.

221. D’Ottavio G, Reverte I, Ragozzino D, Meringolo M, Milella MS, Boix F, et al.
Increased heroin intake and relapse vulnerability in intermittent relative to
continuous self‐administration: sex differences in rats. 2022. https://doi.org/
10.1111/bph.15791.

222. Walker JR, King M, Izzo E, Koob GF, Pasternak GW. Antagonism of heroin and
morphine self-administration in rats by the morphine-6β-glucuronide antago-
nist 3-O-methylnaltrexone. Eur J Pharm. 1999;383:115–9.

223. Badiani A, Belin D, Epstein D, Calu D, Shaham Y. Opiate versus psychostimulant
addiction: the differences do matter. Nat Rev Neurosci. 2011;12:685–700.

224. Badiani A. Substance-specific environmental influences on drug use and drug
preference in animals and humans. Curr Opin Neurobiol. 2013;23:588–96.

225. Nutt DJ, Lingford-Hughes A, Erritzoe D, Stokes PRA. The dopamine theory of
addiction: 40 years of highs and lows. Nat Rev Neurosci. 2015;16:305–12.

226. McBride WJ, Murphy JM, Ikemoto S. Localization of brain reinforcement
mechanisms: intracranial self-administration and intracranial place-conditioning
studies. Behav Brain Res. 1999;101:129–52.

227. Koob GF. Drugs of abuse: anatomy, pharmacology and function of reward
pathways. Trends Pharm Sci. 1992;13:177–84.

M.S. Milella et al.

15

Translational Psychiatry          (2023) 13:120 

https://doi.org/10.1111/bph.15791
https://doi.org/10.1111/bph.15791


228. Jasinski DR, Preston KL. Comparison of intravenously administered methadone,
morphine and heroin. Drug Alcohol Depend. 1986;17:301–10.

229. Kosel M, Noss RS, Hämmig R, Wielepp P, Bundeli P, Heidbreder R, et al. Cerebral
blood flow effects of acute intravenous heroin administration. Eur Neu-
ropsychopharmacol. 2008;18:278–85.

230. Martini L, Whistler JL. The role of mu opioid receptor desensitization and
endocytosis in morphine tolerance and dependence. Curr Opin Neurobiol.
2007;17:556–64.

231. Miranda HF, Pinardi G. Antinociception, tolerance, and physical dependence
comparison between morphine and tramadol. Pharm Biochem Behav.
1998;61:357–60.

232. Nestler EJ, Aghajanian GK. Molecular and Cellular Basis of Addiction. Science
(80-). 1997;278:58.

233. Christie MJ, Williams JT, North RA. Cellular mechanisms of opioid tolerance:
studies in single brain neurons. Mol Pharm. 1987;32:633.

234. Raehal KM, Walker JKL, Bohn LM. Morphine side effects in β-Arrestin 2 knockout
mice. J Pharm Exp Ther. 2005;314:1195.

235. Gillis A, Gondin AB, Kliewer A, Sanchez J, Lim HD, Alamein C, et al. Low intrinsic
efficacy for G protein activation can explain the improved side effect profiles of
new opioid agonists. Sci Signal. 2020;13:eaaz3140.

236. Bachmutsky I, Wei XP, Durand A, Yackle K. ß-arrestin 2 germline knockout does
not attenuate opioid respiratory depression. Elife. 2021;10:e62552.

237. Kliewer A, Gillis A, Hill R, Schmiedel F, Bailey C, Kelly E, et al. Morphine‐induced
respiratory depression is independent of β‐arrestin2 signalling. Br J Pharm.
2020;177:2923–31.

238. Compton P, Canamar CP, Hillhouse M, Ling W. Hyperalgesia in heroin depen-
dent patients and the effects of opioid substitution therapy. J Pain.
2012;13:401–9.

239. Doverty M, White JM, Somogyi AA, Bochner F, Ali R, Ling W. Hyperalgesic
responses in methadone maintenance patients. Pain. 2001;90:91–6.

240. Van Dorp ELA, Kest B, Kowalczyk WJ, Morariu AM, Waxman AR, Arout CA, et al.
Morphine-6β-glucuronide rapidly increases pain sensitivity independently of
opioid receptor activity in mice and humans. Anesthesiology. 2009;
110:1356–63.

241. Carcoba. Negative affect heightens opiate withdrawal-induced hyperalgesia in
heroin dependent individuals. J Addict Dis. 2011;30:258–70.

242. Ren ZY, Shi J, Epstein DH, Wang J, Lu L. Abnormal pain response in pain-
sensitive opiate addicts after prolonged abstinence predicts increased drug
craving. Psychopharmacol (Berl). 2009;204:423–9.

243. Oguri K, Mori I, Hirano T, Shigezane J, Sonoda E, Yoshimura H, in Advances in
Endogenous and Exogenous Opioids 1st edn, (eds Takagi H & Simon EJ) Ch. 10
(Elsevier, Amsterdam, 1981).

244. Bachs L, Høiseth G, Skurtveit S, Mørland J. Heroin-using drivers: importance of
morphine and morphine-6-glucuronide on late clinical impairment. Eur J Clin
Pharm. 2006;62:905–12.

245. Pauli-Magnus C, Hofmann U, Mikus G, Kuhlmann U, Mettang T. Pharmacoki-
netics of morphine and its glucuronides following intravenous administration of
morphine in patients undergoing continuous ambulatory peritoneal dialysis.
Nephrol Dial Transpl. 1999;14:903–9.

246. Bart G. Maintenance medication for opiate addiction: the foundation of recov-
ery. J Addict Dis. 2012;31:207–25.

247. Kristensen K, Christensen CB, Christrup LL. The mu1, mu2, delta, kappa opioid
receptor binding profiles of methadone stereoisomers and morphine. Life Sci.
1994;56:45–50.

248. Villiger JW, Taylor KM. Buprenorphine: characteristics of binding sites in the rat
central nervous system. Life Sci. 1981;29:2699–708.

249. Yassen A, Olofsen E, Romberg R, Sarton E, Danhof M, Dahan A. Mechanism-
based pharmacokinetic–pharmacodynamic modeling of the antinociceptive
effect of buprenorphine in healthy volunteers. Anesthesiology. 2006;104:
1232–42.

250. Dagenais C, Graff CL, Pollack GM. Variable modulation of opioid brain uptake by
P-glycoprotein in mice. Biochem Pharm. 2004;67:269–76.

251. Volpe DA, Tobin GAM, Mellon RD, Katki AG, Parker RJ, Colatsky T, et al. Uniform
assessment and ranking of opioid Mu receptor binding constants for selected
opioid drugs. Regul Toxicol Pharm. 2011;59:385–90.

252. Raynor K, Kong H, Chen Y, Yasuda K, Yu L, Bell GI, et al. Pharmacological
characterization of the cloned κ-, δ-, and p-opioid receptors. Mol Pharmacol.
1994;45:330–4.

253. Gossop M, Marsden J, Stewart D, Rolfe A. Patterns of improvement after
methadone treatment: 1 year follow-up results from the National Treatment
Outcome Research Study (NTORS). Drug Alcohol Depend. 2000;60:275–86.

254. Teoh Bing Fei J, Yee A, Bin Habil MH, Danaee M. Effectiveness of methadone
maintenance therapy and improvement in quality of life following a decade of
implementation. J Subst Abus Treat. 2016;69:50–6.

255. Toce MS, Chai PR, Burns MM, Boyer EW. Pharmacologic treatment of opioid use
disorder: a review of pharmacotherapy, adjuncts, and toxicity. J Med Toxicol.
2018;14:306–22.

256. Klimas J, Gorfinkel L, Giacomuzzi SM, Ruckes C, Socías ME, Fairbairn N, et al. Slow
release oral morphine versus methadone for the treatment of opioid use dis-
order. BMJ Open. 2019;9:1–8.

257. Beck T, Haasen C, Verthein U, Walcher S, Schuler C, Backmund M, et al. Maintenance
treatment for opioid dependence with slow-release oral morphine: a randomized
cross-over, non-inferiority study versus methadone. Addiction. 2014;109:617–26.

258. Kastelic A, Dubajic G, Strbad E. Slow-release oral morphine for maintenance
treatment of opioid addicts intolerant to methadone or with inadequate
withdrawal suppression. Addiction. 2008;103:1837–46.

259. Martins FML, Wilthagen EA, Oviedo-Joekes E, Beijnen JH, de Grave N, Uchten-
hagen A, et al. The suitability of oral diacetylmorphine in treatment-refractory
patients with heroin dependence: a scoping review. Drug Alcohol Depend.
2021;227:108984.

260. Bell J, Belackova V, Lintzeris N. Supervised injectable opioid treatment for the
management of opioid dependence. Drugs. 2018;78:1339–52.

261. Bell J. Pharmacological maintenance treatments of opiate addiction. Br J Clin
Pharm. 2014;77:253–63.

262. Chou R, Fanciullo GJ, Fine PG, Adler JA, Ballantyne JC, Davies P, et al. Clinical
guidelines for the use of chronic opioid therapy in chronic noncancer pain. J
Pain. 2009;10:113–30.

263. Vander Weele CM, Porter‐Stransky KA, Mabrouk OS, Lovic V, Singer BF, Kennedy
RT, et al. Rapid dopamine transmission within the nucleus accumbens: dramatic
difference between morphine and oxycodone delivery. Eur J Neurosci.
2014;40:3041–54.

264. Elliott HW, Parke KD, Wright JA, Nomof N. Actions and metabolism of heroin
administered by continuous intravenous infusion to man. Clin Pharm Ther.
1971;12:806–14.

AUTHOR CONTRIBUTIONS
MSM, GD, SDP, MB, DC, AB wrote the manuscript.

FUNDING
The write-up of the review was supported by funding from the Istituto Pasteur-
Fondazione Cenci Bolognetti to DC, and from Sapienza University of Rome (Fondi
Ricerca di Ateneo Sapienza RG11816432C5E431 to AB; RM11715C457665A1 and
RM11916B0E316F23 to DC).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Michele
Stanislaw Milella, Daniele Caprioli or Aldo Badiani.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

M.S. Milella et al.

16

Translational Psychiatry          (2023) 13:120 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Heroin and its metabolites: relevance to heroin use disorder
	Introduction
	Pharmacokinetics of heroin and its metabolites
	Pharmacokinetics of heroin
	Intravenous injection
	Inhalation
	Insufflation
	Intramuscular and subcutaneous injection
	Oral administration

	Pharmacokinetics of 6-MAM
	Pharmacokinetics of morphine
	Pharmacokinetics of M6G

	Pharmacodynamics of heroin and its metabolites
	Opioid receptors
	Pharmacodynamics of heroin
	Pharmacodynamics of 6-MAM
	Pharmacodynamics of morphine
	Pharmacodynamics of M6G
	Pharmacodynamics of other metabolites

	Neurobehavioral effects of heroin and its metabolites
	Blood oxygenation
	Dopaminergic transmission
	Psychomotor activity
	Drug discrimination
	Electrical brain self-stimulation
	Conditioned place preference (CPP)
	Self-administration

	Distinct roles for heroin and its metabolites in heroin addiction
	Heroin, 6-MAM and the heroin &#x02018;flash&#x02019;
	Contribution of morphine and M6G to heroin reward
	Morphine- and M6G-induced neuroadaptations
	Four tentative questions

	Conclusions
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




