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Heroin and its metabolites: relevance to heroin use disorder
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Hesrain 15 an opiald sganist commanly abused lor its rewarding effects, Since its symthesis at the end of the ninetesnth century, its
popularity as a recreational drisg has ebbed and flowed. In the last three decades, héroin use had increased again, and yet the
pharmacology af herain i @il poorly understood, After entering the body, heraln |s rapdly deacetylated to S&monoacetyimarphine
[6-MUAM], which Is then deacetylated to mosphine, Thus, drug addiction literature has long settled on the rotion that henoin is linke
miowe than & pro-diug, In contrast to these former wisws, we will argue for & more complex intenplay amang heroin and its active
metabolites: 6-MAM, morphine, and morphine-S-ghucuronide (MEG], In particular, we propose that the complex temporal pattern of
hergin effects results from the sequential, only partially ovedapping, actions not only of 6-MAM, morphine, and MG, bt abso of
keroin per se, which, therefore, should not be seen as a mere braln-delivery system for is active matabolites. We will first review the
literature concerning the pharmacokinetics and pharmacodynamics of hersin and its metabolites, then examine thelr newral and
behavioral effects, and finally discuss the possible implicathans of these data for a better understanding of oploéd reward and henain
addiction. By so doing we hope to highlight research topics to be investigated by future clinical and pre-clinkcal studies,
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INTRODUCTION

Herain (3 6-discetdmorphine o diamorphine) is a semi-syrthetic
dertvative of monphine, a naturally oocourring oplate contained,
along with codeine, in the latex of the opium poppy (Papaver
sormaifarvm]. The oplem poppy was finst domesticated circa G000
B.C.E. in Europe, and its cultivation spread castwards over the
folleweing millennia [1, 2] It & worth noticing that the frequent
reference in textbooks and jouwmal articles to a supposed inftial
spread of opiwm produsction from tamia has long been
shonwm 1o b based an flawed scholarshap (2, 3] Whike the medical
use of opium In amtiquity (first by Greco-Roman medicine and
centuries later by Arab, Indian, and Chinese medicines) b owell
documented, reliable evidence of widespread ‘recreational” use is
much more recent and appears 10 be related 1w technological
innavatians, The introduction of fobacco and tobacco pipe by
Eurgpean traders in South-East Asia {V6th-17th century) made i
possible 1 snoke oplem and oplem laced tobacco (41 whereas
the standardization of lawdanum, a hydroaboohalic  estract
{tincturel of opdum, in Eurcpe (1Tth-18th centusy) made [t
possible o take large amounts of mophine and codeine with a
single draught [5]. Technological mnovations were cnicial alsa (n
the case of mosphine, which was lsolated in 1817, but becama
widely used for medical and non-medical purpodes anly Al phe
inventson of the hypodermic syinge a few decades later |5 Af
present, the nonemedical we of mophine &5 a relatively rare
occutnence, compaied o heroin The netics and
pharmaccchmamscs of morphine, which will be discussed in the

fallowing sections, might help to esplain the reason for this
prefeence,

First symthesized in 1874 and then commencialized a5 a cmrgh
suppressant and controversial respiratory disease remedy [6],
hercin readily emerged ai a public health concemmn when it was
faund that, in addition 1o having a powerful analgesic effect, i
could tmigger severe dependence and illicit uwse [7]. In owr days,
despite decades of public awareness and the recent intreduction
of a whole new plathora of smthetic drugs, the attraction of
hergin has not waned. Global, world-wide prevalence of opioid
use disorder has progresshvely increased i the past 30 years
[=40% I X019 relative to 1990} albeit with $tark regicnal
differences, as indicated by dramatic surges i some countres
e, +351% in the WSA, 4308 in Sweden, +261% in Cansda,
#200% In Seotland) but not in othess {eg, —23% | Switzerland,
—32% in haly] (8L Hesoln s s1ill the main opioid of abuse in mast
countries (with noticeable exceptions, such as the USA and
Canada) (B, ). This is consistent with the parallel increase (=508
in the global supply of herain over the same time peviod, a figune
that can be estimated with a certain degree of precisson on the
basis of oplum production (monitored by satellive magery] minus
seizures [10], Thus, it appears that the hergin issue is possibly even
mrode relevant in the 21st century than it was in the previous one.

Given this premise, it (s surprising that the pipchophamacsiogy
afl heroin is still poorly understood, compared 1o that of other
d:lug;ql';bu-se, such as cocaine and psychostimulants in general.
Simce herain is rapedly deacetylated to &-monoacetylmorphine (6-
AN and then 1o morphine, dreg addiction literature has long
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Fig- 1 Molecular structure of heroln and its metabolites. Schematic

tation of the metabalic pathwiy of heoin with the seguentlal

brestdown indo the masn metabalites, The irdalved enzimaic prooetses are Hsbed in Ralics,

Tabile 1. DOwerviews of the principal pharmucokinetic parsmeters and charactesistics of hemin and ith metabolibe following an inEeRoUE

edmindstration of herain {120-430 mg] in humans.
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settled on the notion that henoin iz little more than a means to
deliver morphing andior 6-MAM 10 the bwadn [11, 17]. In comrast
i these fommer wiews, we will argue heve for a more complex
Imenplay among heroin and  its active mietabolites, G-MAK,
morphine, and mophine-S-glucwronide (MGG, as it ts unlikely
that the mulistage course of heroin effects could be preduced by
Just one of these molecules, v there B a dearth of data
concerning the time course of the subjective effects of herain, it s
in fact commonly acknowledged by wsers (persons] observations
in peaple with heroin use disoeder) and expedns in the field [13-15]
that intravenous (v} herin produces an almost instantaneous
surge of ecstatic pleasure [often refecred 1o as flash’ oo ‘mush?,
lasting about one minute, follewved by a pleasant state of stunned
calm. and detachment, and finally by a sense of well-being and
contentment that pessists for several bours, We propose that this
pattern redubhd from the sequential, only padially overlapping
acthons not only of G880, morphine, and MEG, but also of bercin
per se, which, therefore, should not be seen a3 a mene brain-
delivery systemm for its active metabalites.

Wie will fiest review the esature conceming the pharmacold-
netics and phammacodynamics of hergén and its metabelites, snd
then examine thel nearal and behavioml effects. Finally, we will
discuss the possible Emplications of these data for a betior
understarding af oplold reward and heroin addiction. By so daing
we lape 1o highlight reseasch topics 1o be investigated by future
dhinical and pre-clinkcal studies,

PFHARMACOKINETICS OF HEROIN AND ITS METABOLITES

The bictransformation of heroin and of its metabolites (Fig. 1)
invales: (i) hydrolytic reactions, catalyaed by serume ar Bubyrnyd
cholinesterase in the plasma, and by carbowylesteraies in the leer,
brairn, and other tisswes; (i) synthetic reactions, maindy ghucur-
anidation in the liver (But atso R the brasn, kidney, and intestine),
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andl 1o lesser extent sulfatione (i} coddagive reactions, yielding
miinor metabolives, The ransier rates of heroin and s metabolites
scmoss the blood-brain basrier mostly depends on their Bpophi:
Bcity, which decreases at each metabolic stepc heroinsd-MAks-
morphinesheG (161 (see Table 1), The transfer rates of monphine
andd MGG (but not that of hevain and -MAM) also depend on
active transport by the P-glycoprofein and other efflux transpar-
ters [17, 1B], Quite obwiouily, quantitative data concerning the
distribution of henin and its metabolites to the human brain are
wery limited {heroin cannat be detected even post-monem in the
brain of people who died of herein overdase [19]1

More imfarmation about the brain distribugion of heroin and its
metabolites ks awailable for modents, as their brain concentratsons
were quantified after v, administracion of kercin i the @t [20)
and transfer rate constants were estemated after suboutaneous
administration In the mouse [21], Howewer, caution should be
applied In extending data collected in rodents 1o humans, gisen
the much {aster metabolism of hercin in mice ard mts relative to
humans ([compare Figs. J-j,

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

fnfrevenous njection,  Following v, infection in humans, hetoln
plasma  concentrations peak  (Col  abmast  immediately
(Tirax @ 305 in the anedal drodation; T.,. = 2 min in the venous
cirpulation] [23] tFig. 2), and then decline steeply with a half-life
ity of I-dmin [22-25]. Within 10-45min, heroin becomes
undetectabée in the blood [24-27 [Fig. 3k The blood clesrands
rate for heroin [128-1920 Lh excesds the rate of hepatic blood
P [26], and renal clearance acoounts for less than 1% of the
adminisiered dose [27], Indeed, heroin B rapidly convered 1o

E-hAM by plasma cholinesterases and by the carboxyiestienases
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Fig. 2 Early pharmacokinetic profile of heroin by v, sdministra-
tion and metabolite 6-MAM. Time cowse of anerial snd venous
concentrations of heroln (blue line) and S-MAM (red line), after an
i injection of heroin (208 in humani Bessed on data
extrapolated froem Rentsch et al. 2000 (22,

¥ T
1] 1 i

present in the Bver, Kidney and other organs [28, 29]. Sponta-
Mo, nom-engymatic hydnidysis may alo ooour (3], However, it
ks impomant to ermphasize that for the first B min afer Ly, injection
heeroin concentrations in both arterial and wenous circulation
rernain higher than that of all other active metabolites, including
G-hAM (Figs. 2 and 3, Thas, there is nd reason 1o discard a major
rode of heroin per se in the eady response fo henoin in humans,
contrary 0 the widely held notion of heroin a5 8 mene po-dnag.

in the rat, after v, administration, heroin peaks wery pidly in
the beain (Towe = 1.5-2min in the sfratal ectraceBular fluid),
whaere is then metabolized by esterases (1,5 = -2 min} 38, 31],
and bevormes undetectable within 10-30 min {Fig. 4\

inhalation. Heroin can be inhaled by ‘chasing the dragon’ {where
the users beat the drug over alurninium foil and inhale the resulting
fumis) oo by smoking tobacoo laoed with heroin The sk’ prosided
by this roite of administration is comparble to that of the iy, route
[32], but its populasity vailes greatly, mainky as a Tumdtion of the
prevailing form of street heroin avaifable in any ghen region. Hergin
hyedenchionide (the peovading form of street hesoin in o Pegaons
of the USA) B not suitable to this route of adminkiration because
vt ol it is destroyed an the temperstunes reguinsd for vaporization.
In contrast, freebase heoin (ke the brown hercen populss in
Europe) vaporizes at refatively gentle heat [13],

There s relathvely scarce Information about the pharmacokinetics of
heroin after inhalation. Absomption b extremely apld owing to the

Translationa Prachiatry [2073)83:170
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fig. 3 Pharmacokinetic profile of hercin by iv. adminkstration

mnd its main metabolites. Time course of venouws concentrations of

hercen (bloe line), 5-MAM (red lne). monphire [green lnel, and MEG

(daotbed grey linel, after an L. Injection of heroin [@d moSg) in
humans, Beed on data extrapolated fram Rook et sl 2006 [25)

lipophilic Sructune of henoin, even though s slkaline pk, (7.95) resuis
in the predominance of the lonied form in the acdic abreclr
subphate fluid [pH =65 [34]. Bicavailability has been soimated o
be 3053 when hemoin is taken by ‘dhasing the dagen’ [24, 35, 35]
and about 14% when heroin & taken by smokdng laced fobacco [15]
Unsurprisingly, the Co, 15 considerably hower than after v, injection
[25] with @ Tue v b Smin [24]. The 3,7 i5 about the same for the
two technigques of inhalation (3-4 min) [24, 25

mufflarion.  The rich submucosal venouws plexus of the nose and
the fenestrated endothelia of its capillakes allow for the fast
alroapticn of heroin after ingufflation, although, to the best of owr
kniewledge, thene are po data on its biosavailabiny [36). However,
only a fraction of the dose is actually sbaosbed, as heroin can be
hycrohysed in the nasal cavity by a variety of enzymes [37, 361
Abso in this case the C.. i much lowoer and the T, longer
(about 4-5 min) than alter L. injection [39-41], This explaing why
‘snorters’ do not achieve the same level of euphoria expenenced
by ‘mainlirers’, or even smckosrs [39) The 15 Is slighthy higher of
that sesn after Ly, injection (5-6 mn) [40, 41]. A particular type of
intranasal delbvery device b represented by the nasal spray,
developed as an altemative 1o injectable discetdmophine for
replacement treatments (see Conglusions) [43],

intramuscidar and subostaneous njection,  The suboutanecus and
intramuscular injection of herain s often due to powr injection
practice of 1o the inability 1o find & patent vein [43, 44 However,
heroin users whao wish to lengthen the duration of dreg effects
and 1o experience a cabm, warm “high' rather than the ‘rush’ might
dediberately Inject the dreg intramascularly (43, 451 Henoln
mtabolism in the musche is in fact negligible, and the Co, &
doubde of that seen after msufflazion [41]. Fumthermaore, heroin is
slowly released from the muscle inte the genesal circulation,
resulting in & hall-life considerably longer (1 = 7.8 min [46]) than
after v, injection,

Ondl adménistration.  After ol administration, ne ercin of
GeWAM can be detecied in the blood (because of hydrolsis in
the dusdenurm and cobon, and Wroually complete bepatic fest-pass
effect), whereas clrculating morphine reaches significant levels
tabout B0 of that messuned after the sdminktration of an equal
dose of morphine, but with shorer Tl (23 471 This route of
administration has been recently emipioyed for the administration
af medical grade heroin as a replacemsent reatrment in peapls
with heroin use disorder [48) (see Conchusions),
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Pharmacokinetics of &-MAM

Afrer bntravencus administration of hercan, 68000 peaks at mare
ar less the same time of hergin bath in the venous and in the
arterial circulation [Fig. 2). The Cuy, is similar to that of heroin in
the amertal ciioulation but considerably lower in the wenows
circulation [22, 15 46] (see Figs. 2 and 3 As detsiled in the
previous section, plasma concentrations of S-MAM remain lower
than that of Feroin for the first 8 min after Ly, injection The &, of
E-MAM i longer than that of heroin, although estimates vary
greatly fram study o study (3-52 mind, and can be detected in the
plasgena far hours, at a time when herin has already disappeared
[24, 25 46, 470 With cther routes of adminisrason the Te of
E-MAM Is consideably longes [35-42]

im contrast, bv, injection of hercin in the st results in peak
plasma and stristal concentrations of 6-MAM much higher than
these of heroin, with a T of 2min in the wenous blood and
& rrin in the striatum [20] (Fig. 4} This i Beely dise 1o irer-gpecies
differences in esterase activity (49, Given ks high lipeghilicity,
WA passivedy diffuses across the biood-brain baaries [50]. It has
been popased, based on data from a subcutaneous injection of
heroin in mice, that the rapld increase in &-MAM  brain
condeniration 5 mainly due to the deacetylation of hercin in
the blood, before it eniry into the Beain [21). Accoadingly,
vacdine-generated amibodees w@egeting heroin and its metabolites
reduce G-MAM concentration in the brain, without affecting that
af hercin [51]. However, the stristal C,.,, of 6-MAM after hemin
adminziration in the Ay s about 20% higher than after equimolar
doses of G-MAM [31), indicating that at k=ast in the rat a
significant fraction of brain &-MAM results from the local
deagetylation of heroin,

The second hydmbytic step in the metabalism of hemin mostly
deperds on liver carboxylesterase-2, which deacetylates E-MAM to
madphine (53],

Pharmacokinetics of morphine

Follorwing heroin by, administration in humans, monghine plasma
bevels e quitkly (Fig. 31 with a T, ranging between 4 and 8 min
[25, 471 The T... #fter intranasal or intramusscular injection ol
herain is considerably longed, ranging betwesn 10 and 90min
140 47, 461 Plasma levels decline at a much slower pace than for
hercin or G-MAM, with a L of about 3-4 h [25, 47) [Tabbe 1), The
Tinae and 1y after marphine administration have similar values
(53 541 Systemic clearance is high (75-118LM) [26L which
indicates a high hepatic extraction ratio [55]. Mosphine is rapldly
distribuned v highly pefused crgans and tissues, Howewer, it
distribution to the brain is limited by the hydrophilic structere and
by a pi, = 8.2, resulting in the prevalence of the ionized form at
physiolagical pH [261 Morecver, morphine ks a substrate for the
efflux transporter Poglyooprodein and other probenicid-seniitive
transporters [56, 17). These mechanisma greatly reduce the ability
al moephine 1o distribute o the brain,

Im the rac. after kv, heroin adminktration, manphine concentra-
tions peak af 10-126min in the bocd and at 24 min in the
striatum (supplementany materlal in [31]) and then decline wery
showdly {see Flg 51

Mipephine metabolivm mastly depends on its gluowanadathon in
the liver by two iseforns of the widine 5'-diphospho-glsurono-
syluansferase (LPGT), GTZET and UGTIAT [57] although extra-
hepatic metaboliem has been described [58). Marphine gluour-
ankdation yells M&G and morphine-3-glucuronide {M3G],

Following heroin Ly, administration and inhalation in humans
the ratio of MEGMIG farmation & about 15-8 [25] In cortrast, in
the rat, mcrphane glusurenidation yiebds, under normall conditions,
almast exdusively M3G [591 Howewer, repdated exposure o
aploids can diarmatically aler morphine glucuronidation bath in
humans and rats. Antonilll and colleagues [50] found higher
concentrations of MEG and lower concentrations of M3G in
people with heroin we disorder relative 1o hemln-naive patients

SPRINGER MATURE
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phenomenan was due ta the comtaminants of streat henain, ar
i [actors such as age, renal function, and route of adranistration,
which are known to affect morphine meabolsm (51, 621
Increased synmithesis of M&G after exposue to heroin can in fact
be observed even In the rat [a species thet physiologically
synthetizes litte or no MGG wing bath in wivo flw sell-
adminiaration (63, non-contingent Ip, injections [S41F and
in vitro procedures (iver micrasomal preparatéon [63-65]1 primary
cultures of hepatoeytes [S6]1. This effect seems 1o be independent
of ru opsold peptide reooptars (MOP], as it was not reversed by
the MOP antagonist naltrexone, nor mimacked By the MOP agonist
méthadane (651 Artonilll and colleagues proposed that heroin
right induce homaos or hetero-dimerization of UGTs at a post-
translational level, depending on the substrate nvohed [68],

A mined matabolic pathway of monphiee & repreiented by
sulfation, yiekiing marphine-3-sulfate and morphine-&-sulfate. In
humans, the plama concentration of momphine-S-sulfate s
several hundeed times lower than that of M3G, while marplhine-
&esulfate is undetectable in most peaple [67].

Pharrmacokinetics of MEG

Bath MEG and M3G are excreted partly with the urine and partly
with the stoal, afver billary exoretion [611 A small fraction of MGG
and M3G excreted with the bile is de-glucuronidated by enzymes
produced by the colonic fora, and the resulting morphine
undergies eriterchepatic cpcling (53],

After hercen adminktration in humans, plasma concentrations
of MEBG pestes at around 1h (21, 25] (Fig. 3, and then decline very
slorwly, with 8 1y even longer than that of morphine (=3 h) (251
Thett e Im the plasmia is sirmiar 1o that of morphine (35, 471 This
could panially depend on a similarly low systemic dearance
(22, #7] and on the scarce Bpophilicity of MEG, which results n
clow tisue distribution and low penetration of the blood beain
bamier (58, 591 & conformational modecular shife folded ve un-
folded), which increases MGG lipophilicity by masking the polar
region, has besn proposed to facilitate passive franspost acrods
the blood-brain barrer [P0 Furthermare, there is ako evidence of
active transport, not P-glycoprotein-mediated, at the beod-brain
barrier [18]. Based on pharmacckinetic modelling, MGG blood-
beadn equilibration half-life was found to be spproodmately Th
[T1L In the brain, extracellular kevels of MEG are much highser than
in the imracellular flukd [72], Plasma protein binding of M&G is
relatively low, being about 15% compared to 35% for morphine
[68, TIL Morphine ghucuronides ane detectable in urine up to 72 h
post hevoln adménistration.

PHARMACODYNAMICS OF HEROIM AND ITS METABOLITES
Oplold receptors
The pharmacolegy of the endogencus oploid system is excesd-
ingly complex and the meaders Interested in a therough disoussion
of this topic are referred 1o the many authortative reciews
published in recent years (eg. [74-760 The goal of this section i
sirmply to highlight some aspects of opiokd receptor pharmacalogy
that are redvant to the Biued discussed in the following sections,
Thene are three main Types of opiokd receptors: j (mul, & (delta,
and k (kappa) oplold peptide receptoes (MOP, DDP, KOP,
respoctively]. Additional types have Bean proposed, like the
naciceptindarphanin  FO oplosd  peplide  recepion, but their
physiclogical'pharmacological status is il debared [76). Al
oplold receptors  are  Gyg-proteincouphed recepiors,  whose
canonical transduction cascade depends on the action of the o,
sbumnin (with Inhibition of adenydd cyclase and reduced synthesis
of cAMF} and of the Py subunéis (resulting in reduced
conductance of ted Ca’' channels and the opening
of rectifying k' channels], This familiar view has been complicated
ower the years 81 several levels, panicularly with respect to the
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MR |alesnatively named MOP, MOR, MOR1, OPREM, OPRM1), First,
it wars fownd that thie MOP is coupled with altermative transduction
meéchanisms [eg. frarrestine? and protein bnase O, (PRI a5 a
functien of the Bgand (based agonisr) [77] and of the duration
of the stimulation. Both [-arestin-? and PEC have been
implicated im the development of tokerance (defined a5 the need
to increase the dowe to produce the same effect) after chionic
sxpoture 10 MOP sganists [T8-B0]. Second, a variety of omo- and
hetero-dimers (invalving other types of apicsd receptors as well as
nan-opigid & protein-coupled receptons) have been idendified,
each with distinetive transdwction pathways. Thind, the structune
and expression of the MOP gene b wery inticate, being
charactefized by extendive alternstive splicing of coding exons,
Pastermak and coleagues have long hypothesized that the
complexity of splcing [which far esceesds that of receptor
subtypes identified wsing phasmacological toals) might acccunt
for the qualitative and guantitative differences in the effects of
MIOF agonists and for the incomplete ofoss-1olerance amondg them
(75, 81 It s quéte dbconcerting that such an Interesting
hypothesis has nol become the focus of mare ntense scruting,
it is o be hoped that the recent oplold ‘epldemics” in the USA
serve ps a stimulus 1o bring opickd pharmacology back o the
forefront of addiction research, after several decades of almes
exchusive focus on the pharmacology of peychostimulants and

Table 2 provides a synopsis of pharmacodynamic parameters
For heralin and ity metabalived. Motice that these parameters wene
estimated wsing a varlety of test assays, often In studsas that did
not compare all substances in paraliel,

Pharmacodynamics of heroin

In vito studies have suggested that the alfiniy of henin for the
MOP s mach kpaer than that of monphine and B-MAM [E2-34]
(Table 2}, which might depend an the lack of a free phenolic
hycdrgend [3-0H) growg In the moleqular structure of herain [85). In
contrast, i1 has been shown that heroin efficacy, as indicated by
MOP-mediated G-proteln activation, 15 higher than that of
marphine and M&G, and at least comparable o that of &-AAK
[B&]. In CEEK méce [a recombinant-inbred strain insensitive to
marphinel, as wall as in mice treated with antisense probes
targeting exon-1 of the MOP gene, the analgesc effect af
marphine is suppressed while that of herain and MSG 5 retained
[87]; vice versa, antisense probes or knockowt targeting exon-2 of
the MOF gene minimize the analgesic effect of heroin without
interfering with that of morphine [88]. Howeves, these findings
weene nol Confmed by other studies [BS, S0

Pharmacodynamics of &-MAM
As noted above, S-MAM has greater alfinity than herain at MOP

[82] but the same fransducticn efficacy, higher than that of
downstream metabolites [B6L This might be due 1o their shaned
high affinity for the same splice wvarlant of the MOP [88]
Furthermone, G-MAM has affinity for the DOP, which might
contribute to its potent analgesic effect [91, 92] (Table 2),

Pharmacodynamics of morphine

Relative to &-MAM or heroin, morphine has slightly higher affinity
for the MOP [B2] but lower elficacy in acthvating the G-protein
cascade [86] (Table X, Morphine binds, albelt with much hower
ﬂfﬁl‘lhj’, alia the DOP and the KOP, Indeed, some effects of
ronphing afe thought 1o be mediated, at least in part, by DOP
(swpraspinalispina  analgesia, respiatory  depression, reduced
gastrointestingl motility) and KOP [peripheral snalgesia and
diysphorial [93, 24], Furthermare, it has been proposed that the
analgesc and respiratory depressant effects of mosphine are
rmiediated by distanct vafants of the MO (MOP-1r and MOP-21.
respectively) [95-97], although their axistence is still controversial,
The herainmorphine anabgesic potency ratio in humans has been

Tranaletional Peychiatry {2023)1%1.00

BAS. Miletla e al.

estimated to be between 21 and 41 when adminktered by
subciutaneais, Lv, of ntramusculsr injecticn [98-100] and 1.5:1
when ghwen ceally [101)], Comparative studies generally agree that
hercan  analgesia has faster onset but shorber dwation than
rranphane anabgesia (99, 102, 103). The fact that hesoin has a morne
favourable peofile. in tesmns of adverse offects (g, nausea,
respiratony depression, dysphoria) than marphine [103] (but see
1591 has bed some authors to advocate the use of heroin in place
ol morghine in some clinical settings, shhough there is no
consensus on this (95, 102, 104],

Chranmic expodune to morphine results in tolerance to some of its
effects (analgesia, euphora, sedation, nausea, and respiratory
depression), but not to others (e, constipation] (105, 10E], K i
Imporant 1o notice that tolerance 1o mophine can develop
independent of the mechanksms responsible for the development
af withdryeal syndiame. For examgle, PEC inkdbition can reduce
toberance to the analgesic effects of morphine but does o
préevent  naloxone-precipitated withdrewal symptoms in mice
[107], Anather imponant aspect of mofphing wolerance s the
Emnited cross-tolerance to hemoin and &-MAM, at beast for what
concerns analgesia (1081

Pharmacodynamics of M&G

MG selectively binds the MOF with a potency similar 1o that of
manphine [109, 1101 and its efficacy s thowght to be equal to oo
slighitly higher tham that of marphine [B5, 1111 Preclinical stisdies
have shown much greater (13- to 308-fold, depending on the
1esting procedure snd on the route of administration] analgpesc
mespanse o MEG than to morphine [112-115], in clinical studies,
the analgedic efficacy of MBG apgears to be st least equivalent, if
it supenorn, to that of mosphine [116) Indeed, It has been shown
that M&G is at least in part responsible for the analgesic effect of
maiphine (117, 118].

However, the affinity profile of MSG, relative to that of
rarphine, varies as a function of MOP subtypes [116, 119, 1200
A painted out above, some studies suggest that Inoexon 1 MOP 5
gers kivockoul mice, the analgesic efect of MBS and hercin is
retained, while moephine analgesia is suppressed [A7] In mats,
preferential affinity for the MOP-1r relathve to the MOP-2r subtype
has been progosed as a possible explanation for the reduced
degree of respimfory depression compared to monphine, bt
there afe remarkable discrepancies In the findingd of differem
studips (112, 130, 121] [Fable 2. Other studies wsing antisense
probes (122 a5 well as  the  selective  antagonist
J-methoogyinalirexone (3-MNTE) [123) have sugpested the exis-
tence of a splice variant specific o MG, as ity analgesic action is
antagonized without interference on MOP-, DOP- and KOP-
maediated analgesia. Studies in clinical populations have shown
that MGG has 8 mone favourable peofibe than marphine with
respedt to nausea and vomiting [124, 1251

Marphine-G-glucuronide activity at DOP B approdimately &
times lower than at MOF, but similar If not greater than that of
maphine [119, 136). Activity at KOP seems fo be negligible
(137, 128]L

In preclinical studies, no cross-toderance to marphing was found
with respect to analgesia [B7] and locomotor sctivity [129], albsit
the literature ks roq consistent [192) Analgesic tolerance to MGG
might depend on maolecular adapfations simdlar to those of
ranphine (see above [1300L Finally, relative to mosphine, MGG
showed greater agonism blas for B-arestined over Gepeotein
signalling [131L

Pharm cs of other metabolites

Morphine-3-glucuronide and morphine-3-sulfate seem to have
no intrinsic pharmaceogical actions, but might behave like
antagonists at MOP, ai conjugation &l the position 3° may
abstruct the binding of other ligands [34, 132]. The implications
al this antagonizm in modulating the response to herain or
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Fig. 4 Concentration-time profiles of herodn and its metabolites in the rat blood and brain. Concemtrations af hemin (o), G-MAM (red],
and meephine (greend in the bloed and in the striatal extracellular fuld of rais, after an Ly, injection of 1.3 pmal (=4 mofig) of heroin (A1,
G-MAM (8] or monphine {C). Baved on data extrapodated from Gotths e al. 2014 [20] and supplernentary data [same snimals of Fig. 3). Motioe
that in this study MEG was pol guamified, a5 in the a1, under normal conditians, the synthesis ol this metabale is negligibls,

mgephing, especially after chronic exposune, i3 & controvessial
issue [133],

When administered intra-peritoneally in rats, morphine-6-
sulfate exhibits much geeater analgesic effect than monphine
[134], wggesting that it may podsess phamacological activity
similar te MGG, However, the contribution of mesphine-5-sulfate
to the effects of heroin must be negligible, as negligible are the
plasma concentrations of this metabole after administration of
marphing or heroin in humans [67),

MNEUROBEHANIORAL EFFECTS OF HEROIN AND ITS
METABDLITES

As mentioned in the previous sections, significant pharmacedogi-
cal activity of hemin metabolites has been demonstrated in
saveral analgesia-related paradigms [29, 135 136) In comtrast,
other effects of heroin metabolites, possibly mone refevant to
harnin use disorder, have received rmisch less attention.

Blood caygenation

The most seriows side effect of MOP agonists |5 repeesented by
respiratory deprestion and the enduing beain hypaxia [137],
Khatkin and colleaguees |138] thoroughly Fvestigated the time
couwrse of the effects of herain, &-MAM, and monphine on oxygen
bewvels im thee rat Aucleus acowmibens (NAC) a brain area thought to
Flay a cracial role in natural and drsg reswasd [13%, 1408 They
found that heroin induced a biphatic change, with an initial

Trardlatisnal Poychiatey (2003553120

decrease, produced by respiiatory depeession, followed by an
Increase, produced by vasodilation, The effects of &-MAM followed
a s bt thie decrease in l=vels was mone
rapid and yet smaller than those observed after hergin, The most
obvious explanation for the latter phenomenon i that the high
permeability of the bleod-brain barrer 1o keroin, coupled with
rapid deacetylation by brain esterases, leads to &MAM concen-
trations grester than those that would result froen the adminis-
tration of equimalar doses of G-44AM [20]. In contrast, marphine
has little effect on NAc cxygen kevels. Thus, it appears that 6-MAM
plays a major role in producing the brain hypoxa assoclated with
heroin peerdose [137]

Depaminerglc transmission
Dopaminergic trandmission had long been thowght to play & majar
rode I dreg rewand (139, 1400 it is commaonly assumed that all
substances of abute increase  dopaminergic  transmission
[14%, 142], albein via diferent mechanisms of action. In particulas,
heroin and ather MOF agonists ane thought to increase dopamine
concentrations in the terminal regions of the meso-striatal
dopaminargic system by binding MOP kocated on inhibitony
GABAergic neurons, hence disinhibiting dopamine  neusons
[143-145L Yet, experimental evidence does not support the
mnmathmﬂwm&hmhﬂm mediated by
transmissiomn
In the first place, there is no evidence that herpin increases

dopamine transmission in humans, Deglish and collesgues [145]

SPRINGER NATURE
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and Watson and colleagues [147] found in fact, wsing |''C]
raclopride positron emission tomagraphy (PET) imaging in people
with heroin wie discides, that heroin's high i not associated with
chamges in dopamine recepior bénding in the striatum. Another
PET imaging study conducted in a small sample of non-opioid-
dependent people fourd that morphine produces a very small
increase in dopamine receptor oooupancy (about 1 which,
hirmever, s inveriely comelated with subjective ratings of high'
and ather measures of reward [144],

Likewise, research in rodents has failed, so far, to provide dimect
evidence af a causal Bnk between herein rewand and dopamine
levels, Microdialysls experiments in the rat have shoem that iy
admingtration of herin can incease extraceular dopamine
concentrations over a tme scale of several minutes (eg.
[145, 150]L However, only modest [151] or negligible [144]
changes in dopamine concentrations wene observed during self-
adminksiratien (the gold standard for the investigation of the
reinforcing effects of addictive drugs; see below]. Even mae
p-emte:-hgare the findings from voltammetric studies, which allow

msaniter depaminergic activity on a second o sub-second scale,
.n. dharp  decrease In the doparine signal was  observed
mmediately after sef-administered or experimenter-administered
iy, injections of heroin [152, 153], Similady, electrophysiological
expairnents by Kivatkin and Rebec (1997) [154] have showm a
transient inhibation of dopaminergic neurans In assodation with
heroin sef-administration Finally, experiments conducted over the
fast three decades have repeatedly shown that disruption of
dopaminenglc transmission {via lesions or receptor Blockade!
silercing] has listhe or no effect om heroin or morphine  sell-
administration in the mat [155-163] Agamst this peofusion of
‘megative’ findings In the i, stand the results of studies conducted
using optogenetic toals n mice, which implicate dopaminerngic
mechaniums in heroin sell-administration [164, 1651 It is woath
nioticingg that the interpretation of these findings Is complicated by
the dificulty of extricating the pharmacologicsl effects of drogs
fram the response to conditomed stimull paired with dug
adrninistration or self-admindstration,

To the best of our knowdedge, the effect of heroin metabalites
on dopaminergic transmissicn has been investgated only by
Goatds and colleagues [31]. These authors quantified plasma and
striatal concentrabions of henair, 6-0AM, marphine, and dopa-
i i rats chat had recetved Ly, Infections of eguimalar doses of
heeroin, G-MAM, or monphine (see Fige 4 and S After S-MAM,
striatal dopaming increated in apparent tempodsal relationshbp
with striatal G-8AM [both with T.... = 8 mink. However, doparmine
lewels increased with a delay of 3-dmin relative to those of
6-MAM and then declined shamply (sriatal By = 12imin), far in
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advance of the much slower dedine of 6-MAM  [striatal
B = 24 mind. Completely different was the pattern produced by
marphine, After an injection of morphine, stristal concentrations
af dopaming increased much more slowdy (Te., = 46 min} than
those of morphing (To.. = &min), Herln produced a thid
pattern: while striatal heroin peaked rapidly  (Teg, = 2minj,
dopamine begen to rmse only at Bmin (parel B, Fig. 5 and
peaked at T4min, after hercin had all byt dissppeared
Furthermare, the C.,, of striatal dopamine was much smalkes

after heroin (appioximately 5o than after S-MAM (approxt-
matefy 10 M), even though, as dikcussed in & previcus ssction,
the sriatal concentrationd of S-MAM were about 509 higher after
an injecticn of kergin than after an eguimalar dose of E-MAM. It s
remarkalble that the ratio of dopamine to btetal opicid concentra-
tions (ehat is, the surm of the concentration of the parent drug and
its etabolites] In the striatum was much smaller after henoin than
after 6-MAM and Tollowed o completety different veomparal profile
ipanel €, Fig. 5.

One possible interpretation for these hndings rests on the
dynamics of aganist-receplor interactions. The contrasting effects
of &-MAM ws, heroln on dopamine nelease might depend on
disginct pattems af action at MOF, DOP, and KO®, similar to what
was seen lor the antnocioeptive actiity in different strains of
mice [92], Hercén, for example, might act on a splice variant of the
MOP [B1, 166], possibly with regulatory actions on other opsosds
andiar receptor Types.

In any case, the fact that hernoin, G-AMAM, and morphine produce
distinct and contrasting effecti on dopamine release challenges
srmple Bssurmnglions conceming the relationship between the
rewarding effects of MOP agonkts and dopamine transmidsion
(e Conclusions),

Psychomator activity

Ever since the seminal paper by Wise and Bozarth [139], many
sudhes have investigated drug-induced psychomotor activity a5 a
provey for drug revasd, and drug-induced peychomotor senditiza-
ton as process h i o the moof diug
addiction, at beast in animal model [140] Despite considerable
midence that does not support this nation (e.g, [167-1700, there
is still a grear deal of interest in the psychomoor effecs of
aidictive dregs in rodent models [162)

With respect 1o hercin [171], &-MAM s nearly equipstent in
inducing nalomone-reversble psychomoton acivity [173-174] and
psychomator  sensitization  following  repeated  admiinkstration
[175]. Althcugh maorphine is considerably kess patent than herain
and 6-MAM in enhancing looomotor activity [174) It can easily
induce peychomotor sensitization [176, 177].

Transistional Prychiatry (302313120



Increased but defayed locomotor activicy has been: repored
allse lor MGG [178], although the total distance travelled following
MEG was lower than after equimolar doses of maonphine, and
repeated adminisrations produced MOP-dependent psychomaotos
sersitization (139, 180) Remarkably, the lecomotor sesponse 1o a
combination of morphine and ME&G was not greater than that
observed after morphine atone [178] and while pee-treatment
with marphine sensitized the kbcomodor response to MBG, pre-
treatment with MG6G did not sensitize the response to monphine
[1&0], These results indicate that all metabofites might contribute
to the locomator-senditizing effects of henain, maybe with distinct
reechantsms of action, as suggested by the incomplete cross-
sersitization between MeG and marphine.

Dvug discrimination

Few studies have directly compared the sbjective effects of
hemén and morphine in hismans, Martin and  Fraser [181]
administered, wiing & double-biind design, equianalgesic doses
af the two drugs to oplate-expedenced users. After an acute
injection, marphine and herodn did not differ in self-reporied
effects, such as relawation, inchy skin nauses, and sleepinesi
Remarkably, when asked to guess which of the two dgs the
participants had received, morphine was recognized with mane
accuacy than hergin,

In preclinical studies, heroin was sucoessfully used as @ Eraindng
dngg i discriminative procedunes, It was shown that in the rat the
discriminative stimulus properties of &-MAM and mosphine
overlap with those of hetoin [182] Hewever, while the reiponse
rate for G-MAM was comparable 1o that obsersed after equimaolar
doses of hercin, 10-fald higher doses wene required for morphine.
Similar findings were obtained in monkeys [183].

In & drug decrimination procedure, MEG was fully substituted
fior herpin In rhesus monkeys [184) and for monphine in ras [185)
I chee latter study, MGG was 17 times more potent than monphine
when these doigs were adminitered in the cerebeal ventriches,
bt less potent when injected subcutanecushy. The discriminathve
effects af the twe heioin metabalites were blocked by nalirexone,
The putative M&G regepior antagonist 3-MNTX did not differen-
1ially modulate the discriminatiee stimulus of heroln, meorphine
and MEG [186], Crerall, it b tempting (o assume that all hensin
metabolites are equipatent in mediating the interoceptive effects
of the parent cormpound by acting on the same eoeplon.

Electrical brain self-stimulation
The propensity of ms (o electrically self-stimulbate discrete brain
regions (particularly the lateral hypathalamus — that s, the medial
forebeain bundle) was discovered i the mid-19508 by Olds and
Milner [127]. Since then, intracranial self-stimulaticn (1055) has been
widely used 1o investigate the effects of drugs of abuse on the
putative newral substrates of reward, Heroln was showm te faciliate
IC55 of the kateral hypothalsmus when administered ip. at high
dioses [188] and Iy, at doses that maentain sell-admanistration 1890
The same effect had been provipusly described for morphine
(190 191] with no olerance developing to it even after several
weeks of inesmittont freatment at increasing dasage (193

In the sasly 1990, Hubmer and Kornetsky compared the effects
af hetoin, 5-MAM, and monphine on the threshokd for IC55 of the
medial forebrain bundie [193], and found that &-MAM was a5
potent & heroin and about 40 tmes rmore patent than mophine,
Thee same study also demonstrated that heroin and &-MAM were
eguipolent (and 6.5 Etimeés more potent than marphine) in raising
the escape theeshold for the aversive stimwlation of the
mesencephalic reticular formation. Mo study has yet tested MEG
im the K55 paradigem.

Conditioned place preference (CPF)
Wheen animals ane repeatedly exposed (o one of the teo chambsers
af a CPP apparatus while under the effects of an addictive drug,
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they exhibit a preference foe the dnesg-paired chamber relative to
the vehicle-paired chamber [1%4-196L The preference for the
diug-pased context is commandy considered a measune of the
rewarding effects of the dug, albeit the Bmitations of this
procedure have been noted by many authers [169, 194, 1951 It
has been known for a long time that mosphine and heroln can
induce CPP in mankeys snd rodents [197-206] herain being 10
temes more potent than morphine in this respect [207L More
recently, the same phenomenon was observed with G-AMAM [175)
and MGG [208-210]. There s some evidence that heroin- and
moaphine-induced CPF might be mediated by these two
metabolives. Pre-reatment with moanoclonal antibodies (mAab)
ratsed against -MAM has been shown to block the development
of both 6-MAM- and herain-induced CPP (although a higher titer
was required (o block hercin-induced CPF) [211]. When adiminis-
tered intracerebroventiculardy, MBS was about 150 times mone
potent than marphine [210]. This effec was nalaxone reversible,

Self-administration

A great deal of research has Investigated the refnforcing effects of
herain and morphine using iy self-administration procedures in
peimates and rodents. These studees hawe shown geeater
reinforcing potency of herpin relatise to morphine [212, 213,
This is consisten with the slower onset of action of morphine
relatree to hemin [72, 73 214] and maiches the anccdotal
preference for heroln aver morphine reported by oplold usens
(3151, More pronounced adverse effects for morphine vs, henaln
[216] or for herain vs, morghing [217] wene reparted, Howeser, in
the aleeady mentioned study by Marin and Fraser [181], when
equizsnabyesic doses of heroin and mornphine were administered
double-bdind 10 opilate-eapetionced users, mo  difference in
desirable effects (including euphcria, relaxation, and ‘drive’) was
reparted. Cummem andfos past diug history of experimental
subgects, the precise definition of subjective stabes swch as
‘euphoria’ or ‘pleasire’, and the dircumitances surrounding dug
use [218] are somme of the varlables 1o consides when compading
human and animal data.

Self-administration of 6-MAM in the rat has been investigaed
only recently by Awvisati and collesgues [219], This study
compared equimolar doses of G-MAM and herain, showing that
G-hAM can sustain seff-administration at ewven higher mates than
herain {even though the ks of complete dose-eflect curees and
of progressive ratha procedures makes it difficft to compare the
relative rewarding efficacy of the two drugs), Furthermare, using
an established rat mode of relapse (2200, the same authors weare
abde to show that, like hergin, &-MAM could trigger drug-seeking
alter o period of abuinenos. These data sugpest that 6-MAM hay
intrinsic addictive pofential and might mediate at least some
aspects of hersin reward. However, anti-&-MAM mib, although
effective in Blocking the reinstaterment of S-MAM seeking. fallad 1o
pEevent relapse into hemoin seeking and  re-acquisition  of
responding fod the drug [219]. This cannal be atributed o a
generalized Inability to block the effects of &-MAM, a5 anti-G-MAM
mAb have been sthown 0 bunt beroan-induced psychomotos
actidty (173, 211] and CPP [175), which |5 not surprisimg, ghven
that many studies have shown dissociation amang these effects of
herain (167-170. It is still possible that the quete of &-MAM
formed in the beadn fedhich cannot be affected by peripheral anti-
G-MAM mab) might be sulficent o sustain sell-adminlsiration,
axplaining the lack of effect of the antl-56-MaAM mAk. Indeed, brain
levels of &-MAM are reduced by anti-G-MAM mAb o a lesser
extent after heroin administration than after 6-MAM administra-
tean [173],

Pharmacokinetic modelling sugoess that bealn contentiations
of &-MAM rright condribute to determine the patien of hergin
self-sdministration in the rat. In a recent stwudy in raes, two
schedules of hevnoin self-administration wene compared. One
oy of rats were trained with a 20-5 timeout after each hengin
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infusion, whereas thi other rats were trained without timeout. The
raty in the latter group self-administered heroin in 8 burse-e’
patterry, which produced spiles In G-MAM that were sharper and
ﬂgmmgﬁnﬁﬁmﬂmrd&ww:dlnmulriﬂbﬂma
timeout schadule, Interestingly, the drops in 6-MAM concentra-
thans coincided with the resumption of lever pressing for herin
{2211

To date, no siudy has directly mvestigated the rewarding effects
of MEG In either humans or animaks. And wet, as pointed out in
peevious sections, there is evidence ol increased MGG symithests in
people with hevoin wse dispeder [60), It has been showm that
herain self-adminastration can induce the symthesis af MEG in the
rat, a5 indicsted by Increxsed vels of MBG in rats that had self-
adeninistered heroin relative to those that had self-administensd
saline [83) Likewise, the Vi, for MEG synthesis in fer
mricrosamal preparatsons incubated with rorphine, comelated
with plasma levels of MEG In mts that had seff-administersd
heroin, whereas MEG was undetectable in orats that had seif-
adeministered aline. Furthermone, in rats rained o sef-administer
hetoln o mosphine, the MEG receptor antagonist 3-MNTX
increased the infusion rate of bath doogs an doses effeciive in
blacking morphine analgesia only (123, 223). These findings point
to a possible role of MG in the reinforcing effects of henin,
ahhough the esact pharmacological mechanism (e, a possible
MEG-specilic neceptor subtypel remalng elushve, Finally, studes in
rodents have shown that increased synthesis of MBG might
patentiste hesoin withdrawal syndrome.  Naloxone-precipitated
symptoms are in fact maore sevene after repeated M&G admind-
tration than after marphine [128]

[HSTINCT ROLES FOR HERQIN AND ITS METABDLITES IN
HERDIM ADDICTION

W reviewed here majs sspects of the neurapsychophasmacaol-
ogy of heroan and of s acthve metabolites; 6-MAM, morphine, and
MiEG, While it kb often assumed that the rewarding effects of
herain depend on monphine, the contribution of S-MAM and MG
have mot yet recetved enough attention. indeed, there b growing
evidence that hercin and its three metabolites 88 play o major role
in bath the acute effects of herain, and in the development of
hergin wse disarder

Hergin, 6-MAM and the hergdn ‘flash’

Afper Ly, iInjection in hwmans, henin peaks at 305 in the artenal
blead (and preusmabsly in the beain) (26, 3 tming symchienous
with the chasacteristic hetoln ‘fash’, highly desired by most users
[14, 15], Although &-MAM Is produced by plasma esterases while
herain s still distributing te the beain and other periphenal
conmpanrments, heroln remains by far the prevalling opleld in the
plasma for about Bmin (3] An insitro study using crude
membrane preparations from rat braing has shown that the
affinity of heron o MOP &5 lower than that of &MAM [23]
iuwﬁtlrhg that even In the presence of higher concentrations al
hezrain, BOP would preferentially bind &-MAM. However, it is not
clear 1o what extent this finding would ranslate to humans, both
becawse of the specific binding site ksbeled in this study (which
did “notl alkew recognition of the variows opickd receptor
subtypes”], and because of ppssible species-specific differences,
Thus, to the extent that duning the first minutes sfler Ly injection,
hesrain and 6-MAM coexiit in the Blood and In the brain, there is
na reason to dismiss the role of herpin itself in producing the
Tlash'.

One way to untangle the contributksn of henln versus G-MAM
would be o blodk the deacetylation of hevoin, Perpheral
administration of the cholinesterase inhibitor  tri-artha-tabd
phosphate fwhich does not cross the Blood-brain barrier] was
found to increase the analgesic patency of hergin (but not that of
E-MAM or monphine) in the mouss [BE] Yet, the same study found
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that in vitra inhibition of tissue esierases in membrane prepara-
o from the rat beain reduced MOP ocoupation, suggesiting that
the incremed anabgesic effect of hemsin might depend on its
descerylation 1o 6-MAM in the brain It remains to be determined
whaether similar manipulations of enzymatic activity woukd alio
affect the rewarding effects of heroin both in snimals and in
humans.

Another appraoch would be to compane the brain concentra-
than prafiles of hercin and &-MAM with the time-course of early
neurobiological effects, OF course, this type of studied cannat be
conducted in humans, 8t bexst at this tme, but only in
experimental animals, As discussed In detal in provious sections,
Gottds and colleagues |31] found that |v. administration af 6-MAM
iin the rat increaseds dopaming condenirations in the fat striabum,
with a ternporal profile somewhat related 1o the temporal prafile
of thie striatal concentraticns of 6-MAN itsell. Howewves, and quite
surprisingly, the O, of striatal dopamine after hescln was half
that observed after 6-MAM, with a much longer T, (14 min sfter
herain vs. & min after &AM, This suggests 1hat the pharmaco-
kagical actions of hemoin sormewhat ‘antaganipe’ those of S-MAM,
at keast for what concern dopamine refease in the rat Sristum. bn
any case, 1o the extent that the kinetics of dopamine release
observed in the rat (31 reflect those ocouring in humans, |
appears that the temgporal pattern of striatal dopaminge does not
match the almost instantanecus ‘Nlash’ reponted by hercin users
after v adminkstration [25, 47, 147 conshitent with the literature
that questions the condribution of dopaminge Erafdmidsion o
lhezroin reward [X22=-225]. Dopamiine-inoe t mechanisms of
hergin reward have been proposed [226, FXT] although this area
of research is still incxplicably understudied.

Contribution of morphing and M&G to heroin reward

Both marphine and M&G heve been shown 10 possess Intnnsi
revearding effects. Marphine produces subjective effects similar to
those of hergin when ghen v [18Y, 238], and while no such
comparative studies have yet been performed for ME&G, it has
been reported that this metabolite is of least as edffective as
moephine in inducing CPP [2101 Thus, while &-MAM b undoubs-
edly the main metabolite present in the fimt few minutes
following herpin administration, it is reasonable 1o assume that
alio marphine and MGG play a part In the subjective and
behaviceal effects of hercin, Morphine concentrationd surpass
thase of heroin and &-MAM at about 10min after v, adminisira-
thon of heroin (22, 25) (Feg 3], and MGG concentrations surpass
those of 6-MAM at about 25min [250 Although the temporal
profibes of morphine and MGG concentrations do not match the
henain ‘flash’, they avedlap with the subsequent, long-lasting
feslings of contentment, or ‘tanguil-high’, which & much
apprecited af least by some users [13, 229].

Morphine- and M&G-Induced neuwroadaptations
The long half-ives of monphine [about 1.5-3h) and MG (about
2-6h) might play a mole not anly (n the acute rewarnding effects of
hemin but also in the neursl adaptations underlying tolerance,
physical dependence, and transition o addiction [230, 231
Marphine and MEG shw clearance fram the brain coupled with
their preferential  extracefiular  distrbution poduce in fact
activation of MOP [116]. The phamacological actions
off MEG [90] maght be of particular relevance, as indicated by their
high efficacy at MOP located in the lotus cosrulews [1711 where
opicid-induced long-term neurcnal inhibitien s an important
contributes 1o the development of tolerance [233, 233), The high
efficacy of M&G in activating the [-amestin-2 pathway has been
implicated in the vulnerabilty 1o side-effects such as resplratony
depression (23] thaough this hypothesis has been challenged by
recent studies [235-237], Like morphing and other opioid agonsts
linchuding these wied & replacement reatments: buprencaphing
andd methadone (238, 239]), MSG can produce hyperalgesia snd
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this effect is moee robus and of more mpid onset than with
miephane [240]. Hyperalgesia is a chasacteristic feature af heroin
withdrawal symdroma [241] and seems to predict the intensity of
herain craving indwsced by drug cwes [242) indesd, two peeclinical
stisdies have suggested a putative role for MGG In potentiating
apickl withdrawal symptoms [128, 243]

In the light of the findings summarized above, it is interesting
that higher MEGMIG concentration ratio was found in people
with heroin use disarder relative 1o people receiving marphine far
pain control [80). Furthermare, late clinkcal impairrent in hersin
wiers wast found 1o be ssocated with higher bevels of MGG [244],
and MGG accumulation was obsereed i monphine-treated
patients with renal failure [245). Thus, it would be important 1o
inveestigate the podsible fole of MGG 0 producing the newoplastic
adaptations implicated in the development of heroin addiction, as
well a5 associated pathologies

Four tentative gquestions

Human studies ane sorely needed to tease apart the rode of herin
and ity metabolites {as well a5 the interaction among them) in
herain addiction. At we know very it about the
reinfoecing offects of H-MAM and M&G, and what we know comes
exclusively from animal studies (see secthors on 1055, COPF, and
seif-administration), Thus, it would be impomant to nvestigate the
revaarding effects of these tao metabolites in humans. Further-
micde, future research shoukd addeess fouwr crucial questions. s the
imitial, instantaneous, short-lved flash' produced by Ly, heroin due
1o the similagly instantaneous spile in ameral concentrations of
hergin [implying a similasly instantaneous splke in the brain? s
the subseguent pleatant stafe of stunmed calm the resuly of
G=MaM actions? s the prolonged sense of contentment and well-
being eaperienced by some hercin users the result of mophine
andfor MEG actions? Do morphine and M&G confribute 1o the
newmplastic adaptations responsible for heroin we disordes and
vilnerability 1o relapsel? These Bsees might be addressed by
testing the effects of enzymatic hdbfors, as well a5 of
cormpounds that mamic the pharmacodynarmic profiles of hergin,
G-bAM, or morphine without being sublect o0 enzymatic
transfocemation in active metabolites,

COMCLUSIONS

For a leng time, marphine has been considered the subssance
respondible for the rewarding effects of herain, the latter being
demoted to the stabhs of peo-drug, In this review we argued for a
more complex interplay among four actors: heroin per se, G-AAM,
rdphine, and MEG. This movel viewpoint has Fnpartant cknbcal
and thespregical implications.

Given its chronic relapsing nature, the treatment of hemin wse
disorder Is mainly based on lang-termn replacement treatrent
with opioid agonists such as oral methadone and sublingual
buprenorphine [246]. Both dregs possess clinically favourable
phamacokinetic and pharmacodynamic prafiles: higher affnity to
MG than monphine [247, 248], high bealn uptake [24%, 2500, long
duration of action [11] Buprenophine also act as a nautral
antaganist al DOP and KOP, and being a partial sgonist with low
dissaciation constant ot MOP, behaves as an antagonist towards
hergin [351, 252]. Methadone and buprenorphine replacement
treatrents are extrernely effective in most deents [253, 254)
Howvegwer, these treatments present some limigations. The reten-
tion rabe is not optimal, with & drop-aut rabe of 40-60% withan the
first 12 months (often because of side effects such as dysphoaria or
OT interval prolongation [255]]. Hence the search for altemative
thempeutic options. Several Eurcpean counties and Canada have
approved the use of slow-release oral monphine, which seems to
be o effective than methadone in redwcing craving [256-258],
Shimilarky effective are the immediate o extended refease oral
formulations of diacetyimorphine  [48, 259, as  well a3
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discetylmorphéne masal spray [42]. The same rationale obviously
applies to heroin-asssted teatment (HAT) programs, which
appeal to a subgroup of users ctherwise resistant 1o wsual
replacerment treatments [260, 2611 The (s that pharmaceutical
grade heroin and marphine already represent viable replacement
strafeqgies for herodn use disorder, suggests that also 6-MAM and
MEG, or compourds that mirmic thes distinetive pharmacokinetic/
pharmacodynamic profiles, should become the focws of resesch
aimed At developing diversified and ndividiealized treatment
progeams, Clinlclans have long recognieed the existence of major
ndividial differences n the response 1o the many MOP agonists
aeailabde for pain control [262]. It Is In Fact impossible to predict for
each client the optimal drieg andfor the optimal dosage, in tenms
al both analgesh: efficacy and adverse effects. What works well in
ane persan might not do so in another, There is no reason to think
that this Ene of reasoning should noy apply 1o opiced replacement
realment

Finally, we have emphasized the role of dopamine-independent
miechanisms In heroln reward, without discounting the possible
contribution of dopamine-dependent mechanisms, pamicularly in
the case of &-MAM. In this respect it Is Impomant to notice that
majos differences in the ability to engage dopaminergic Eransmis-
slgn & not lirmited to hemin and its metabolites. Even mone
dramatic differences are evident when oplates like mophine ane
campared to synthetic opiokds, wuch as axycodons [263]. Thene-
fore, the phamacclogical mechanmbsms  responsible for  the
rewarding effects might differ greatly from one opioid agonist
1o anather, panicularly in teirns of the imveleement of the
dopaminergic system, Lumping all opéoid agonists under a singhs
labsel might hinder a better understanding of oplold use disorders,
Heroln and its metabolites represent a unique combination of
opiolds with panly differént mechanisms of action, it follows thar
heroin users do mot ke a single diug but four Theroin, &MAM,
moaphine, and M&G), each with it distinctive rewarding profile,
wisich roight help 1o explain why heroln ts stll the most abused
opioid wold-waide,
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