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Abstract

Rationale Transport across the BBB is a determinant of the
rate and extent of drug distribution in the brain. Heroin exerts
its effects through its principal metabolites 6-monoacetyl-
morphine (6-MAM) and morphine. Morphine is a known
substrate of P-glycoprotein (P-gp) at the blood-brain-barrier
(BBB) however, little is known about the interaction of heroin
and 6-MAM with P-gp.

Objective The objective of this paper is to study the role of the
P-gp-mediated efflux at the BBB in the behavioral and mo-
lecular effects of heroin and morphine.

Methods The transport rates of heroin and its main metabo-
lites, at the BBB, were measured in mice by in situ brain
perfusion. We then examined the effect of inhibition of P-gp
on the acute nociception, locomotor activity, and gene expres-
sion modulations induced by heroin and morphine. The effect
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of P-gp inhibition during the acquisition of morphine-induced
place preference was also studied.

Results Inhibition of P-gp significantly increased the uptake
of morphine but not that of heroin nor 6-MAM. Inhibition of
P-gp significantly increased morphine-induced acute analge-
sia and locomotor activity but did not affect the behavioral
effects of heroin; in addition, acute transcriptional responses
to morphine were selectively modulated in the nucleus ac-
cumbens. Increasing morphine uptake by the brain signifi-
cantly increased its reinforcing properties in the place prefer-
ence paradigm.

Conclusions The present study demonstrated that acute inhibi-
tion of P-gp not only modulates morphine-induced behavioral
effects but also its transcriptional effects and reinforcing prop-
erties. This suggests that, in the case of morphine, transport
across the BBB is critical for the development of dependence.

Keywords Morphine - Heroin - P-glycoprotein - Gene
expression - Nociception - Locomotor activity

Abbreviations

P-gp P-glycoprotein

6-MAM  6-Monoacetyl-morphine
Nac Nucleus accumbens
IEG Immediate early genes
Introduction

Drug abusers commonly use several routes of administration
to ingest heroin, including injection, snorting and smoking.
Ratings of euphoria are greater when heroin is administered
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intravenously than when smoked (Abreu et al. 2001; Comer
et al. 1999; Marsch et al. 2001), and the severity of depen-
dence and comorbid symptoms are influenced by the route of
administration used (Wang and Liu 2012). In addition, both
the dose and route of administration of heroin greatly impact
withdrawal severity (Smolka and Schmidt 1999). However,
although the route of administration seems also to influence
the rate of progression to heroin dependence, it has little
influence on the long-term level of dependence (Barrio et al.
2001). These observations indicate the significance of the rate
of delivery of the drug to the brain during the early stages of
dependence.

Therefore, in addition to the route of administration, trans-
port across the blood-brain-barrier (BBB) may be a determinant
of the rate and extent of drug distribution in the brain and the
development of addiction. The characteristics of the BBB are
determined mainly by the functional properties of the brain
endothelial cells which are linked together by tight junctions
impeding the paracellular diffusion of solutes. The BBB ex-
presses a wide range of transporters that selectively control the
transcellular transport of solutes and xenobiotics between the
blood and the brain parenchyma (Abbott et al. 2010). P-
glycoprotein (P-gp; Abcbl) is an ATP-binding cassette
(ABC) transporter involved in the permeability of the BBB to
drugs: it limits the net transport of many xenobiotics/substrates
into the brain parenchyma by active, unidirectional efflux into
the blood (Scherrmann 2005). The ways that P-gp at the BBB
both restrain the entry of drugs into the brain and increase their
clearance from the brain have been illustrated by pharmacoki-
netic studies with various opioids (Tournier et al. 2011). The
reference opiate, morphine, is a known substrate of P-gp at the
BBB as illustrated in vivo using P-gp inhibitors, and mice
lacking the Mdrla gene coding for P-gp (Dagenais et al.
2001; Zong and Pollack 2000). However, little is currently
known about the interaction of heroin and its active metabolite
6-monoacetyl-morphine (6-MAM) with ABC transporters.

The rewarding effects of heroin, like those of morphine, are
mediated by the mu opioid receptor in the brain (Hand et al.
1989; Kitanaka et al. 1998). However, heroin has a higher
pharmacological potency in vivo than morphine (Martin and
Fraser 1961; Smith and Beecher 1962), and a much lower
systemic dose of heroin than morphine is needed to induce a
similar rewarding effect (Bardo et al. 1995). These differences
have long been attributed to the greater lipophilic properties of
heroin allowing this substance to pass through the BBB much
faster than the less lipophilic morphine (Oldendorf et al.
1972). However, after systemic administration, heroin is
quickly metabolized first into 6-MAM and subsequently into
morphine. These active metabolites both reach the extracellu-
lar brain fluid (pharmacokinetic biophase) where they bind
and activate extracellular plasma membrane mu opioid recep-
tors (Selley et al. 2001; Watson et al. 1996). Therefore, it has
been proposed that heroin acts as a prodrug and exerts its
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effects mainly through its principal metabolites 6-MAM and
morphine (Andersen et al. 2009).

These various observations raise the issue of the influence
of the uptake of opioids across the BBB and as a consequence
the selection of the most appropriate experimental model:
morphine is used as a reference compound to study addiction
in experimental animal models whereas drug abusers mostly
use heroin. We report a study designed to investigate whether
the different rates of penetration of morphine and heroin
through the BBB to the brain affect their neuropharmacolog-
ical effects. First, an in situ brain perfusion technique was used
to assess the rates of transport of morphine, heroin, and 6-
MAM and the effects of the inhibition of P-gp by PSC833.
This analogue of cyclosporine A is a potent and selective
P-gp inhibitor (Achira et al. 1999; Kusunoki et al. 1998;
Watanabe et al. 1995). Then, the consequences of PSC833
pretreatment on the acute locomotor and nociceptive
effects of morphine and heroin were studied. There is an
extensive literature of genes regulated by acute morphine in
mice striatum. However, it has been shown that some of them
have distinct patterns of regulation after acute morphine or
heroin (Piechota et al. 2010). Among these candidates, eight
genes were chosen to study the effects of P-gp inhibition on
gene expression regulation induced by the two drugs. Finally,
we studied the influence of P-gp inhibition on the acquisition
of morphine reinforcing properties in the place preference
paradigm.

Materials and methods
Animals

Male Swiss mice (20-22 g at the beginning of the experi-
ments) (Charles River, L’arbresle, France) were housed in
groups of 12 in a room with a 12-h light/12-h dark cycle and
a controlled-temperature environment (20-21 °C). Mice were
allowed to get used to the housing facilities over a period of
1 week. Body weight was determined on the day of experi-
mentation. Food and water were provided ad libitum. Animal
experiments were carried out in accordance with the European
Communities Council Directives of 24/11/1986 (86/609/
EEC) with French law, and under the supervision of the
faculty ethics committee. Standard principles of laboratory
care were followed and every effort was made to minimize
the number of animals used and their discomfort.

Drugs and pharmacological treatments

Morphine and heroin were purchased from Francopia (Paris,
France). 6-MAM was purchased from Euromedex
(Souffelweyersheim, France). PSC 833 (6-[(25,4R,6F)-4-meth-
yl-2-(methylamino)-3-oxo-6-octenoic acid]-7-L-valine-



Psychopharmacology

cyclosporin A), also known as valspodar, was a generous gift
from Novartis Pharma (Basel, Switzerland). Morphine and her-
oin were dissolved in saline solution (0.9 % NaCl) and were
administered intravenously (i.v.). PSC 833 was dissolved in
ethanol/PEG400/water (10/80/10v/v) and injected intraperitone-
ally (i.p.) at a dose of 20 mg/kg, 30 min before the opiate. In all
cases, the injection volume was 0.1 ml/10 g. For mass spec-
trometry, morphine-d3, 6-MAM-d3, and heroin-d9 freebase
in methanol (100 pg/mL) were purchased from
Cerilliant (LGC Standards, Molsheim, France). All other
chemicals were of analytical grade.

In situ brain perfusion

The drug uptake at the BBB was measured in mice by in situ
brain perfusion, a technique in which the blood is completely
replaced by an artificial perfusion fluid for a short time, as
previously described (Dagenais et al. 2000). This allows mea-
surement of the intrinsic ability of a compound to cross the
luminal BBB without the confounding influence of peripheral
metabolism, systemic elimination and protein vascular binding.
Mice were anesthetized with ketamine (140 mg/kg ip)+
xylazine (8 mg/kg, ip). Briefly, the right common carotid artery
was exposed and the external carotid artery was ligated at the
bifurcation of the common and internal carotid arteries. The
right common carotid artery was catheterized and the catheter
connected to a syringe containing the perfusion fluid fitted with
an infusion pump. The thorax was opened, the heart was cut,
and perfusion started immediately at a flow rate of 2.5 ml/min.
The perfusion fluid consisted of bicarbonate-buffered physio-
logical saline containing 128 mM NaCl, 24 mM NaHCOs,
42 mM KCl, 2.4 mM NaH,PO,4, 1.5 mM CaCl,, 0.9 mM
MgCl,, and 9 mM D-glucose. The solution was gassed with
95 % 0,-5 % CO, for pH control (7.4) and warmed to 37 °C in
a water bath. Heroin (30 uM), 6-MAM (30 uM), or morphine
(30 uM) was added to the perfusion fluid with or without
addition of PSC833 (5 uM) immediately before the start of
brain perfusion experiments. Perfusion times were 30 s for
heroin, and 60 s for 6-MAM and morphine; brain perfusion
was terminated by decapitating the mouse after these times.
The brain was rapidly removed from the skull and the right
hemisphere weighed and frozen in liquid nitrogen. Cold 0.1 N
hydrochloric acid was added to the samples (2 mL/g of brain
tissue), and the mixture homogenized by sonication; the
resulting brain samples were stored at —80 °C until determi-
nation of morphine, 6-MAM and heroin concentrations by
chromatography-mass spectrometry (GC-MS).

Sample preparation for gas-chromatography-mass
spectrometry analysis

The frozen samples were thawed at room temperature for
15 min, centrifuged for 5 min at 10,000 rpm and 200-pL

aliquots of the supernatant were transferred to a 5-mL poly-
propylene tube. Four milliliters of sodium acetate buffer (pH 5.0,
100 mM) and 0.1 mL of each internal standard stock solution
(1 pg/mL) of morphine-d3, 6-MAM-d3, and heroin-d9 were
added. A Gilson automated GX-271 Series GPC Clean-up
System (Gilson, Villiers, France) was used for extractions.
Samples were vortexed and transferred to the autosampler vial
for extraction, and loaded onto a Phenomenex Strata X Drug B
Clean Screen® solid-phase extraction column. The column was
washed with water (2 mL), 0.1 N hydrochloric acid (2 mL) and
acetonitrile (3 mL), and then dried under vacuum for 10 min.
The analytes were collected in a 5-mL glass tube by elution with
3 mL of freshly prepared ethyl acetate, isopropanol, and 25 %
ammonium hydroxide (70/20/10v/v). The solvent was then
evaporated under a gentle stream of nitrogen. The residue was
derivatized by the addition of 20 pL. BSTFA with 1 % TMCS
and 20 pL of ethyl acetate; to ensure complete derivatization, the
samples were incubated with this mixture at 65 °C for 20 min.

GC-MS quantification of morphine, heroin and 6MAM

The Thermo Focus DSQ I GC-MS system was used to assay
opioids. The ions selected by SIM were m/z 429, 236, 414 for
morphine and m/z 432, 239 for morphine-d3, m/z 399, 340, m/
z 287 for 6-MAM and m/z 402, 343 for 6-MAM-d3, and m/z
369, 327 for heroin and m/z 378, 334 for heroin-d9. The limits
of detection were 0.5 ng/mL and limits of quantification were
10 ng/mL. The system was equipped with an Uptibond® UBS
premium column (30 mx0.25 mmx0.25 wm). The samples
were injected in the splitless mode. The flow rate of the carrier
gas helium was 0.8 mL/min. The injector temperature was set
at 250 °C. The oven temperature programs were set as fol-
lows: The initial temperature was 90 °C (held 0.5 min) and
was increased at 30 °C/min to the first temperature hold at
220 °C (held for 3 min), and then increased at 15 °C/min to the
final temperature hold at 290 °C (held for 15 min).

Initial BBB transport kinetic parameters

Calculations were previously described (Cattelotte et al.
2008). Two variables describe the transport of a compound
across the BBB: the apparent brain volume of distribution
(Vorain» ML/g) and the initial brain transport parameter K;,
(u1L/s/g) also called brain clearance. The V., Was calculated
from the amount of drug in the right hemisphere corrected
from the vascular space (¥, 14 uL/g):

Vorain = (Xtot - VV‘Cperf)/Cperf; Kin = Vbrain/T7

where Cper (nmol/uL) is the opioid concentration in the
perfusion fluid, X, (nmol/g) the amount of opioid in the tissue
sample (vascular+extravascular), and 7 the perfusion time
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(second). Less than 10 % of heroin was transformed into 6-
MAM in the brain tissue sample and no degradation was
detected in the perfusion fluid after the 30 s of the brain
perfusion. The total heroin concentration in the brain was then
calculated from the sum of the molar concentrations of heroin
and 6-MAM in the brain sample. Morphine was not detected
in heroin or 6-MAM brain perfusion experiments. The coef-
ficient of brain extraction (E, %) was calculated as the ratio of
the K;, of the studied compound to the Kj, of diazepam
(42.3 ul/s/g), which can be considered to be a marker of
vascular flow (Cattelotte et al. 2008).

Locomotor activity

The locomotor activity of mice was measured in an actimeter
(Imetronic, Bordeaux, France) immediately after the drug
injections. The Imetronic actimeter is composed of eight cages
of transparent plastic of equal size (19x 11 x 14 cm) under low
illumination (<5 Ix). One mouse was placed in each box and
its movements were recorded. Displacements were measured
by photocell beams projected across the long axis and above
the floor. Horizontal locomotor activities are expressed in
scores (mean=S.E.M), the score being the number of inter-
ruptions of the photocell beams recorded during the 180 min
of the experiment. Locomotor activity was recorded for
180 min. The areas under the curve (AUCs) were used to
determine the doses of morphine and heroin inducing equiv-
alent locomotor activity in our conditions (data not shown):
this led to doses of 10 mg/kg i.v for morphine and 5 mg/kg i.v
for heroin being used.

Hot plate test

The test was based on that described by Eddy and Leimbach
(1953). A glass cylinder (16 cm high, 16 cm diameter) was
used to keep the mouse on the heated surface (52+0.5 °C) of
the plate. The latency period until the mouse jumped was
timed with a stop-watch (cut-off time=240 s). First, the lack
of antinociception of PSC833 alone was verified (data not
shown). Results are expressed as percentage of maximum
possible effect (% MPE)£S.E.M. Analgesic dose 50 (ADs)
values, were calculated as doses that produced an analgesic
effect equal to 50 % MPE (Tallarida and Murray 1986).

Conditioned Place Preference

The place preference apparatus consisted of two conditioning
compartments separated by a neutral compartment. For this
test, a dose of morphine (2 mg/kg) that does not produce
conditioned place preference in our conditions was used (data
not shown). The movement and location of animals were
recorded by computerized monitoring software (Videotrack,
Viewpoint, France). Briefly, the protocol consisted of three
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phases: (1) Preconditioning phase (1 day): Drug-naive ani-
mals were allowed free access to both compartments for
18 min, and the time spent in each compartment was recorded.
(2) Conditioning phase: This phase lasted 3 days during which
each conditioning chamber was closed. On the morning of
days 2, 3 and 4, animals were pretreated with PSC833 or
vehicle and then 30 min later with morphine and were placed
individually in one of the conditioning environments for
5 min. In the afternoon of days 2, 3, and 4, animals were
given saline in the opposite compartment. Control animals
were given vehicle or PSC833 and then 30 min later saline
twice a day and were subjected to an alternating sequence
between the two compartments. (3) Postconditioning phase
(1 day): This phase was carried out on day 5 exactly as the
preconditioning phase. Results are expressed as scores (mean
+S.E.M.), calculated as the difference between
postconditioning and preconditioning time spent in the drug-
associated compartment.

Dissection, RNA extraction, and reverse transcription

A separate group of mice was used for transcriptional studies.
Mice were killed by cervical dislocation 30 min after injection
of the drugs. The brain was quickly removed, frozen in
isopentane at —50 °C, and placed in an acrylic matrix (David
Kopf Instruments, Phymep, France) allowing reproducible
slicing of 1-mm-thick coronal Sections. A section of 2 mm
was cut, corresponding approximately to bregma +0.26 mm to
—0.46 mm. Dorsal striatum and nucleus accumbens were then
dissected free-hand on ice from the slices, frozen in isopentane
and stored at —80 °C until processing.

Total RNA was extracted from bilateral structures with an
RNeasy® Qiagen mini kit plus (dorsal striatum) or micro kit
plus (nucleus accumbens) according to the lipid tissue proto-
col of the manufacturer (Qiagen, Courtaboeuf, France). Total
RNA was assayed with a NanoDrop® ND-1000 spectropho-
tometer. Reverse transcription of RNA (1 pg) was performed
as previously described in a final volume of 20 ul (Belkai et al.
2009); the resulting cDNAs were stored at —20 °C.

Real-time quantitative PCR (Q-PCR)

The primer nucleotide sequences (Table 1) were chosen with
the assistance of Oligo 7.55 software (MedProbe, Oslo,
Norway). The genes analyzed in this study were selected on
the basis of documented early modulation by acute morphine
and/or heroin (Korostynski et al. 2006; Piechota et al. 2010).
Gene expression was assessed by real-time quantitative RT-
PCR. Amplification was detected by SYBR® Green fluores-
cence with a 7900HT sequence detection system (Applied
Biosystems, France). Thermocycling was carried out in a final
volume of 20 pl as previously described (Belkai et al. 2009).
A calibration curve using cDNA from an untreated mouse
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Table 1 Primer sequences used

for SYBR Green-based real-time Gene Forward primer Reverse primer

quantitative polymerase chain

reaction Rplpo GGGGGCCACCTGGAGAACAAC CAGCAGCTGGCACCTTATTG
Fos GGCAAAGTAGAGCAGCTATCTCCT TCAGCTCCCTCCTCCGATTC
Egrl GAGCCCGCACCCAACAGTG TGGGGCTCAGGAAAAATGTCA
Are GCCGCCAAACCCAATGTGA GTCGCCCGTGGGCACATAG
Dusp5 CGTCGCCTACAGACCAGCC GTAGGCACTTCCAAGGTAGAGGA
Pdyn GCAGGGGCAGGGAAGAGT GATGGGCAGGGATCACAG
Penk ACGCCCCGAGTGGTGGAT GCCCCCGTATCTTTTCTC
Rnd3 GATCGGAGCAGCCACTTACATAG GGTGGCGACGTGAAAAATGT
Plekhg4 TCTTCCTGCGTGAGCTAGAGG AACGAGGTTTGTTCTTGCTGTAG

brain was used for quantification. The Rplp0 transcript was
assayed and results for the genes of interest in each sample
were normalized to the Rplp0 content. Results are thus
expressed as the value for the transcript of the gene of
interest/Rplp0 transcript and normalized to the mean value
for the saline control group.

Statistical analysis

Graphpad Prism 4.03 software (Graphpad Inc., CA, USA)
was used for statistical analyses. Student’s ¢ test was used to
identify PSC833 inhibition effects on the brain transport pa-
rameter (Kj,). Locomotor activity, antinociception, condi-
tioned place preference and real-time quantitative RT-PCR
data were analyzed using one-way ANOVA between subjects,
followed by Newman-Keuls tests for post hoc comparisons. In
all cases, tests were two tailed and the level of significance
was set at p<0.05.

Results

The P-gp inhibitor PSC833 modulates the uptake of morphine
but not 6-MAM or heroin at the BBB

We used in situ brain perfusion rather than conventional
systemic pharmacokinetics to study transport across the
BBB and to assess the effects of P-gp inhibition on uptake
of morphine, 6-MAM and heroin by the mouse brain. This
method allows measurement of the initial kinetics in trans-
influx zero conditions prior to the establishment of any equi-
librium, and in similar kinetic conditions, for the diverse drugs
tested. The short perfusion time with the artificial perfusion
fluid avoids significant drug degradation and allows exposure
of the BBB to the compounds tested to be controlled qualita-
tively and quantitatively. Following in situ brain perfusion,
brain tissue samples were assayed for morphine, 6-MAM,
heroin, and the fluid flow marker diazepam; the concentra-
tions of morphine, 6-MAM and heroin were 0.47 %, 16.3 %

and 29.3 %, respectively, of that of diazepam. The measured
K;,, for heroin was thus 1.8-fold that of 6-MAM and 62-fold
that of morphine (Fig. 1). In co-perfusion experiments with
the P-gp inhibitor PSC833, the morphine transport rate across
the BBB was increased by 1.5-fold (p<0.01) (Fig. 1a); P-gp
inhibition by PSC833 had no significant effect on the transport
of 6-MAM and heroin (Fig. 1b).

Inhibition of P-gp induces a left shift of the dose-effect curve
of morphine but not that of heroin in the hot plate test

We then investigated the effect of PSC833 on the morphine-
and heroin-induced antinociceptive responses in the hot plate
test, a classical paradigm used to assess effects of opiates on
acute pain. The dose-response curves were established from
experiments performed 5 min after i.v. drug administration.
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Fig. 1 Brain transport (Kj,; uL/s per gram) of morphine (panel a), 6-
MAM and heroin (panel b) with and without co-perfusion of the P-gp
inhibitor PSC833 (5 uM) measured by in situ brain perfusion in mice.
Results are expressed as mean values+s.d. (n=4—6 mice per group).
**p<0.01 as compared with the appropriate control group

Heroin
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One-way ANOVA showed a significant effect of each mor-
phine (p<0.0001) and heroin (»p<0.0001) treatment. Post hoc
Newman-Keuls tests indicated that pretreatment with PSC833
significantly increased the ADs, of morphine (1.9 times
p<0.05) from 1.5 to 0.8 mg/kg (Fig. 2) but that PSC833 had
no effect on the ADs( of heroin.

Pretreatment with PSC833 lengthens the duration
of the morphine-induced but not heroin-induced
antinociceptive response

To determine whether pretreatment with PSC833 alters the
duration of morphine or heroin antinociceptive responses,
time course studies were undertaken. Mice were pretreated
with PSC833 or vehicle as a control, and then injected with
morphine and heroin at the ADs, determined in the previous
experiments (1.5 and 0.05 mg/kg i.v, respectively). One-way
ANOVA confirmed that at these doses, morphine (p<0.0001)
and heroin (p<0.0001) treatment had significant
antinociceptive effects. Newman-Keuls post hoc tests re-
vealed that the antinociceptive effect of morphine declined
more slowly in PSC833-pretreated mice than in vehicle-
pretreated mice (Fig. 3): % MPE at 15 and 25 min were
significantly higher in PSC833 pretreated animals than
vehicle-pretreated animals (1.63-fold, p<0.01 and 1.67-fold,
p<0.01). Twenty-five min after i.v. administration of the drug,
vehicle-morphine treated mice showed no antinociceptive
effects whereas PSC833-morphine mice still exhibited 60 %
antinociception relative to controls. In the case of heroin,

—=— Vehicle-morphine

a - PSC833-morphine

100
w .
o
= 50
2 ¥

25
0+

0.1 1 10
log doses (mg/kg)

b —=—Vehicle-heroin
100 --»- PSC833-heroin
w 75
o
= 50
By
25
0+ T "
0.01 0.1 1

log doses (mg/kg)

Fig. 2 Effect of PSC833 pretreatment on morphine and heroin
antinociceptive log dose-response curves in the hot plate test. Data are
plotted as percent of maximum possible effect (Y%oMPE) versus log dose in
milligrams per kilogram. Each point represents the mean+S.E.M. (n=9-
11 per group). *p<0.05, with the vehicle-morphine treated group used for
reference
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Fig. 3 Inhibition of P-gp modulates the time course of the effects of
morphine (1.2 mg/kg) but not heroin (0.05 mg/kg) on acute pain in the hot
plate test. **p<0.01 as compared to the vehicle-morphine treated group.
Results are expressed as percent of maximum possible effect (MPE)+
S.EM. (n=9-11 per group)

PSC833 pretreatment had no significant effects on the dura-
tion of analgesic activity of the drug (Fig. 3).

Pretreatment with the P-gp inhibitor PSC833 modulates
morphine-induced but not heroin-induced locomotor activity

To investigate the role of P-gp on another opioid-induced
acute behavior in mice, we assessed the effects of PSC833
on each morphine- and heroin-induced locomotor activity.
One-way ANOVA showed a significant treatment effect
(»<0.0001). Post hoc analyses revealed that PSC833 alone
had no effect on locomotor activity but administration of
morphine- and heroin-induced hyperlocomotion (2.6- and
2.8-fold, respectively) as compared to control mice (Fig. 4).
Morphine-induced hyperlocomotion was greater in PSC833
than in vehicle-pretreated animals (2.65-fold) but PSC833
pretreatment had no effect on heroin-induced
hyperlocomotion.

Inhibition of P-gp at the BBB modulates morphine-induced
but not heroin-induced transcriptional effects in the nucleus
accumbens and dorsal striatum

Real-time PCR was used to determine whether the P-gp
inhibition by PSC833 30 min before the acute injection of
morphine (10 mg/kg i.v.) and heroin (5 mg/kg i.v.) affected the
expression of eight early-responding genes in the nucleus
accumbens and the dorsal striatum (Fos, Egri, Arc, Dusp$5,
Pdyn, Penk, Rnd3, and Plekhg4). Only genes that showed
modulations are presented here (Fig. 5). The Dusp5 mRNA
level was significantly lower (0.67-fold) in the nucleus ac-
cumbens following heroin treatment than following saline
treatment, and this difference was not altered by pretreatment
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Fig. 4 Effect of P-gp inhibition on morphine (10 mg/kg) and heroin
(5§ mg/kg)-induced horizontal locomotor activity over 180 min. Results
are expressed as means (+ S.E.M.) of locomotor activity in activity
counts. *p<0.05; ***p<0.001 as compared to the vehicle-saline treated
group; *p<0.001 as compared to the vehicle-morphine treated group
(n=10-13 per group)

with PSC833 (Fig. 5a). However, in the case of morphine, a
significant decrease in the level of Dusp5 mRNA was ob-
served only after pretreatment with PSC833 (0.68-fold).
Similarly, the Rnd3 mRNA level in this structure was lower
following heroin treatment (0.8-fold) than in saline controls;
this effect was not modified by PSC833, whereas the inhibitor
significantly altered the effect of morphine on Rnd3 mRNA
(0.78-fold; p<0.05). In our conditions, the six other genes
tested were not significantly regulated in the nucleus accum-
bens after acute injection of either morphine or heroin, al-
though for the Arc and Penk genes, there was a tendency to
decreased and increased expression, respectively (Fig. Sa).

The amount of Penk mRNA in the dorsal striatum was
significantly higher in heroin-treated animals, with or without
PSC833 pretreatment (1.51- and 1.52-fold, respectively), than
in saline-treated controls (Fig. 5b). There was a slight but not
significant decrease of Arc mRNA level in this structure
following heroin or morphine treatment. Neither morphine
nor heroin treatments had any significant effect on the expres-
sion in this structure of the other genes tested, in our
conditions.

Modulation of morphine-induced place preference
by PSC833 pretreatment

As P-gp inhibition appeared to affect only morphine, but not
heroin, transport across the BBB, we used the P-gp inhibitor
PSC833 to determine whether the inhibition of P-gp modifies
the reinforcing properties of morphine in the Conditioned
Place Preference (CPP) paradigm. PSC833 alone had no effect
and a non-effective dose of morphine (2 mg/kg i.v.) was used.
One-way ANOVA revealed a significant treatment effect (p=
0.0021). Post hoc comparisons showed a significant dif-
ference between the PSC833/morphine group and con-
trols (vehicle/saline vs PSC833/morphine: p<0.01) and a
significant effect of PSC833 pretreatment on the acquisition of

morphine-induced conditioned place preference (vehicle/mor-
phine vs PSC833/morphine: p<0.05) (Fig. 6).

Discussion

We report for the first time pharmacokinetic and pharmaco-
dynamic evidence for P-gp inhibition at the BBB having
substantial consequences not only on the acute behavioral
effects of morphine but also on its molecular response and
reinforcing properties. Our work demonstrates that P-gp inhi-
bition: (i) increases the rate of morphine uptake by the brain;
(i1) modifies the acute analgesic and locomotor effects of
morphine; (iii) alters acute transcriptional responses selective-
ly in the nucleus accumbens; and (iv) increases the time spent
in the drug-associated compartment in the conditioned place
preference test. We also show that inhibition of P-gp did not
affect the transport across the BBB of heroin or 6-MAM, and
that inhibiting P-gp had no effect on either the acute behav-
ioral or transcriptional responses to heroin. These differences
between the opioid compounds tested provide new informa-
tion about the role of the BBB in controlling the rate of drug
delivery to the brain, and the different neuropharmacological
effects of these drugs.

It is generally believed that morphine is the active agent
responsible for the behavioral effects of heroin. Consequently,
morphine has been widely used as the reference opiate to
study the effects and mechanisms of action of heroin.
However, 6-MAM is the first metabolite to appear in vivo
and its role has been underestimated: 6-MAM displays higher
efficacy than morphine for mu opioid receptor-mediated G-
protein activation (Oldendorf et al. 1972; Selley et al. 2001).
Following subcutaneous injection of heroin into mice, 6-
MAM concentrations in the brain are higher than those of
heroin and correlate better with acute heroin-induced locomo-
tor activity, suggesting that 6-MAM is the metabolite respon-
sible for major acute effects of heroin (Oldendorf 1992). We
found that the uptake rate of heroin into the brain is faster than
that of morphine. In view of the results reported by Andersen
et al. (2009) it was of particular importance to also assess the
rate of entry of 6-MAM into the brain; we found that 6-MAM
enters the brain 35 times faster than morphine and 1.8 times
slower than heroin. This is consistent with the recent pharma-
cokinetic model for heroin suggesting that the high levels of 6-
MAM in the brain result from this compound crossing the
BBB from the blood to the brain (Boix et al. 2013). The blood
concentration of 6-MAM are high after subcutancous
(Andersen et al. 2009) or intravenous (data not shown) injec-
tion of heroin into mice. The fast BBB uptake of 6-MAM
suggests that these high blood levels originate from the differ-
ence between the high deacetylation rate of heroin to produce
6-MAM in the blood and the lower rates of elimination and
metabolization of 6-MAM into morphine. We also show here
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that P-gp slows the transport of morphine, but not heroin or 6-
MAM, through the BBB. This is consistent with previous
results showing a capacity-unlimited transport of morphine
by P-gp at the BBB (Cisternino et al. 2004; Dagenais et al.
2004) and greater morphine transport in P-gp-deficient than
wild-type mice (Cisternino et al. 2001; Schinkel et al. 1995;
Xie et al. 1999).

@ Springer

To better understand the behavioral consequences of the
involvement of P-gp in regulating morphine transport across
the BBB, we assessed morphine- and heroin-induced acute
antinociceptive and locomotor effects. We observed no effect
of P-gp inhibition on heroin-induced behaviors. Previous
studies have shown that 6-MAM is the main compound
responsible for the behavioral effects of heroin (Andersen
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Fig. 6 Effect of PSC833 on the acquisition of morphine-induced CPP.
Mice were given PSC833 (20 mg/kg) or vehicle 30 min before morphine
(2 mg/kg) or saline during the conditioning phase. Data are expressed as
mean+S.E.M, and score values are calculated as the difference between
postconditioning and preconditioning time spent in the compartment
associated with the drug (n=10-12 per group). **p<0.01 as compared
to the vehicle-saline treated group; “p<0.05 as compared to the vehicle-
morphine treated group

etal. 2009; Boix et al. 2013). Our results are in agreement with
this since we also observed no effect of PSC833 on the brain
uptake of heroin and 6-MAM. Using the hot plate test, we
observed, in the case of morphine, that PSC833 pretreatment
significantly shift the dose-response curve to the left. These
results are consistent with published findings for the effects of
inhibitors of the efflux pumps at the BBB on the response to
morphine: in rats, the antinociceptive effect of morphine is
increased by GF120918, an inhibitor of both P-gp and Berp
(Letrent et al. 1999). The antinociceptive efficacy of morphine
is also higher in mice lacking P-gp than in controls (King et al.
2001; Thompson et al. 2000; Zong and Pollack 2000).

The rate of cocaine and nicotine delivery to the brain can
modulate the regulation of immediate early genes (IEG),
including Fos and Arc which can serve as markers of neural
activity (Samaha et al. 2004, 2005). We tested whether expo-
sure to morphine and heroin had different effects on gene
expression. We assayed the mRNAs of eight genes in two
cerebral structures central to the development of dependence:
the dorsal striatum and nucleus accumbens (Di Ciano et al.
2008; Galtress and Kirkpatrick 2010). We found that
inhibiting P-gp influenced the transcriptional response to mor-
phine. The effects were gene-specific and differed between the
two structures analyzed. The effects are more pronounced in
the nucleus accumbens where, for two of the tested genes, the
modulations of expression induced by morphine after pretreat-
ment with PSC833 were similar to those induced by heroin.
Nucleus accumbens is mostly involved in Pavlovian learning
and motivation while dorsal striatum appears to be involved in
goal-oriented conditioning and motor behaviors. These func-
tional differences are underpinned by the variation in the
density of mu opioid receptors and the divergent glutamater-
gic and dopaminergic afferents (Wickens et al. 2007) in these

two cerebral structures. The differences in the gene expression
profiles observed here result from the activation of selective
pathways in the nucleus accumbens and suggest that uptake
rate might have an effect mainly on the motivational and
learning component of dependence.

A recent study comparing, in parallel, the transcriptional
responses to morphine and heroin in the mouse striatum has
shown that intraperitoneal injection of morphine and heroin
modulate the same genes; however, the time course of heroin-
induced modulations differs from that of morphine and the
largest difference was at the first time point analyzed (1 h)
(Piechota et al. 2010). Here, we used the intravenous route of
administration and analyzed gene expression regulation
30 min after the injection of the drugs. This could explain
the absence of modulation observed for some of the analyzed
genes. However, we found that heroin significantly modulates
the expression of more genes than morphine in our conditions.
This is the first study to show that increasing morphine distri-
bution into the brain increases the range of morphine-induced
significant gene expression modulations to a level similar to
that of heroin. These results demonstrate that acute transcrip-
tional responses to morphine, in the nucleus accumbens, de-
pend on its rate of uptake into the brain. This selective effect is
particularly interesting in view of the central role of this
structure in addiction. It has been shown that modulating the
transcriptional response induced by morphine in the nucleus
accumbens could modulate the behavior of animals. Thus,
injections of IEGs antisense oligonucleotide into this structure
modulate the acquisition, expression or reinstatement of
morphine-induced CPP (Lv et al. 2011; Tolliver et al. 2000).
The genes whose expression levels are significantly modulat-
ed by morphine in the nucleus accumbens after inhibition of
P-gp are Rnd3 and Dusp5. Rnd3 regulates actin cytoskeleton
organization, cell migration and has been proposed to promote
neurite and/or dendrite outgrowth (Chardin 2006). We have
previously shown that it is an early common effector of
several drugs of abuse in the striatum in mice (Marie-Claire
et al. 2007). The observed morphine-induced downregulation
of this mRNA in the nucleus accumbens suggests a more
pronounced effect after pretreatment with PSC833 and is
consistent with the reduction of dendritic spine described in
the nucleus accumbens after morphine treatment (Robinson
and Kolb 1999). Dual specificity phosphatases (Dusp) are
involved in the inactivation of Mitogen-activated protein ki-
nases such as extracellular signal-regulated kinase (ERK)
(Owens and Keyse 2007). The observed significant
morphine-induced downregulation of Dusp5 in the nucleus
accumbens after inhibition of P-gp is coherent with the in-
crease in phosphorylated ERK observed after morphine treat-
ment in this structure (Valjent et al. 2004).

Drugs of abuse induce the expression of a complex pattern
of IEG. This is thought to be an initial step in their ability to
alter synaptic organization and produce persistent forms of
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neurobehavioral plasticity that contribute to addiction (Hyman
and Malenka 2001; Nestler 2001). We show here that inhibi-
tion of P-gp during the acquisition of morphine-induced place
preference significantly enhances the rewarding properties of
a sub-effective dose of the drug in this experimental paradigm.
Therefore, our results demonstrate that the efflux of morphine
at the BBB by P-gp not only influences of the molecular
mechanisms underlying the acute effects of morphine in the
striatum but also its positive reinforcing properties. This is
consistent with the view that the ability of drugs to produce
adaptations in the mesocorticolimbic system contributes to
addiction (Robinson and Berridge 2000).

In conclusion, our study confirms the importance of P-gp to
the rate of transport of morphine into the brain and conse-
quently to its behavioral effects. The presence of the P-gp
inhibitor PSC833 modulates morphine-induced transcription-
al effect especially in the nucleus accumbens. In addition, we
show that inhibiting the P-gp-dependent efflux of morphine
increases the reinforcing properties of the drug. Rapid delivery
into the brain might influence the rate of progression to
dependence by facilitating the action of the drug to induce,
in the striatum, forms of neurobiological plasticity that con-
tribute to its rewarding properties. Interestingly, P-gp expres-
sion and activity may be affected in several clinical situations,
including inflammation, infection or chronic exposure to
drugs (Decleves et al. 2011; Roberts and Goralski 2008) and
this could have an impact on the vulnerability of patients and/
or the variability of the response to opioids.
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