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Abstract

Purpose Recent biochemical and post-mortem evidence
suggests involvement of the endocannabinoid system in
alcohol drinking behaviour and dependence. Using
['®F]MK-9470 small-animal PET imaging, our primary ob-
jective was to evaluate in vivo type 1 cannabinoid receptor
(CBIR) binding changes in rats subjected to several ethanol
conditions: (1) at baseline, (2) after acute intraperitoneal
administration of ethanol (4 g/kg) or saline, (3) after 7 days
of forced chronic ethanol consumption, and (4) after
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abstinence for 7 and 14 days. Secondly, levels of ananda-
mide (AEA) in the nucleus accumbens (NAcc) were inves-
tigated in the same animals using in vivo microdialysis and
correlated with the changes in CB1R binding.

Methods In total, 28 male Wistar rats were investigated.
Small-animal PET was done on a FOCUS-220 tomograph
with ["®F]MK-9470. Parametric images of ["*FIMK-9470
binding based on standard uptake values (SUV, as a measure
of CBI1R binding) were generated. Images were normalized
to Paxinos space and analysed voxel-wise using SPM8
(Pheight=0.005; kex=200). The AEA content was quantified
using HPLC with tandem mass spectrometry detection.
Results Acute ethanol administration increased relative
CBIR binding in the NAcc that was positively correlated
with the change in AEA levels of that region. In contrast,
compared to rats at baseline, AEA levels in the NAcc were
not significantly different in rats after chronic ethanol con-
sumption or after a 14-day abstinence period. Chronic eth-
anol consumption decreased relative CB1R binding in the
hippocampus and caudate-putamen, whereas same regions
showed increased relative CB1R binding after 7 and 14 days
of abstinence compared to the baseline condition. After 7
and 14 days of abstinence, relative CB1R binding addition-
ally decreased in the orbitofrontal cortex. The magnitude of
the hippocampal and frontal changes was highly correlated
with daily ethanol intake.

Conclusion This study provides in vivo evidence that
acute ethanol consumption is associated with enhanced
endocannabinoid signalling in the NAcc, indicated by an
increased CB1R binding and AEA content. In addition,
chronic ethanol exposure leads to regional dysfunctions in
CBIR levels, involving the hippocampus and caudate-
putamen that are reversible within 2 weeks in this animal
model.
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Introduction

The isolation of the principle psychoactive ingredient of
cannabis, A’-tetrahydrocannabinol led to the identification
of the endocannabinoid system (ECS). The ECS is a
neuromodulatory system that comprises a family of natural-
ly occurring lipids, the endocannabinoids, of which ananda-
mide (AEA) and 2-arachidonoylglycerol (2-AG) are the best
characterized. It also comprises transport and degradation
proteins and two types of cannabinoid receptors [1]. Type 1
cannabinoid receptor (CB1R) is abundantly expressed
throughout the brain, especially in those brain areas in-
volved in drug addiction, such as the striatum, hippocampus,
cerebellum and cortex [2]. Acting through the activation of Gi
proteins, CBIR stimulation is thought to modulate
glutamatergic and GABAergic neurotransmitter release [1].

Recent biochemical and post-mortem evidence suggests
involvement of the ECS in alcohol drinking behaviour and
dependence (for review see Pava and Woodward [3]). Acute
and short-term exposure to ethanol leads to decreased levels
of AEA in reward-related and motor-related regions of the
rat brain [4-6]. Also, decreases in CB1R gene expression
and binding of the caudate-putamen, amygdala and prefron-
tal cortex in the rat brain have been observed after acute [7]
and short-term exposure to alcohol [8]. The effects of chron-
ic alcohol exposure are less consistent, with some studies
showing increased endocannabinoid levels in reward-related
brain areas [9-11], and others showing either a decrease [9,
12] or no change [11, 12]. Also for CBIR expression,
density and functionality, inconsistent results have been
found in other studies, which have shown that CBIR is
either downregulated and reduced in the hippocampus and
caudate-putamen of rodents chronically exposed to ethanol
[10, 13], or unchanged [14]. In alcoholic patients, a pro-
found cortical and subcortical loss of CBIR availability in
vivo is found that is irreversible after several weeks of
imposed alcohol abstinence [15, 16], while acute ethanol
administration in healthy volunteers results in a whole-brain
increase in CBIR binding [17].

So far, there are only in vitro and ex vivo data on the
involvement of the ECS in experimental ethanol drinking
behaviour and dependence [3]. Studies of ECS changes
under experimental alcoholic conditions have focused on
the striatum, cortex and cerebellum, and have not assessed
other brain regions. PET imaging allows the whole-brain
evaluation of ECS components in vivo, while simultaneous
microdialysis enables assessment of the relationship be-
tween endogenous neurotransmitter changes and observed

receptor binding status. In vivo imaging of CB1Rs in the rat
brain has recently become feasible following the develop-
ment of selective radioligands, among which is ['*F]MK-
9470 [18, 19].

Our primary objective was to evaluate CBIR binding
changes in vivo in rats under conditions of forced ethanol
administration in comparison to abstinence. Secondly, levels
of brain AEA in the nucleus accumbens (NAcc) were in-
vestigated in the same animals using in vivo microdialysis
and were correlated with the changes in regional CBIR
binding.

Materials and methods
Animals

In total, 28 adult male Wistar rats (body weight at the start of
the experiments 330+21 g; Charles River Laboratories,
L'Arbresle, France) were used and were housed in individual
cages with food and liquid (either water or ethanol depending
on the ethanol condition) freely accessible in a 12-h light/dark
cycle under controlled conditions of temperature and humid-
ity. All experiments were approved by the local Animal Ethics
Committee and conducted according to European Ethics
Committee guidelines (decree 86/609/EEC).

Ethanol treatments

The effects of acute exposure to ethanol on CB1R binding in
vivo were evaluated in 12 rats using a previously described
acute ethanol administration paradigm [4] (Fig. 1). Ethanol
was dissolved in sterile 0.9 % (weight/volume, w/v) saline
(NaCl) to obtain a 15 % (w/v) ethanol solution and admin-
istered intraperitoneally (IP) at a dose of 4 g/kg of body
mass to six rats 90 min prior to tracer injection. To avoid
possible confounding effects of the IP administration on
CBI1R binding, a group of six control rats received a similar
volume of a 0.9 % saline solution IP (Fig. 1). The acute IP
administration of 4 g of ethanol/kg of body mass had pre-
viously been shown to decrease endocannabinoid (AEA and
palmitoyl ethanolamide) levels in the NAcc, cerebellum and
hippocampus at 90 min after ethanol administration [4].
Effects of chronic exposure to ethanol on CB1R binding in
vivo was further evaluated in a second group of 12 rats, which
were subjected to consecutive phases of alcoholization, i.e.
forced chronic ethanol administration and ethanol abstinence,
as previously described [12] (Fig. 1). For the chronic phase,
rats were housed individually with a liquid diet containing
ethanol (7.2 % volume/volume, v/v; i.e. volume of ethanol
intake/volume of total liquid intake) for a 7-day period. The
ethanol solution was prepared daily and always presented at
the same time of day (between 9 a.m. and 10 a.m.). Animals
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Day 0 Day 7 Day 14
CB1R PET baseline CB1R PET AEA Microdialysis
(n=6) ACU EtOH Baseline + ACU EtOH
n=12
CB1R PET baseline CB1R PET
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— Daily assessment of water intake*
Day 0 Day 7 Day 11
CB1R PET - CHR AEA Microdialysis |
(n=6) CHR ‘
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Daily EtOH administration and
n=12 assessment of EtOH intake* Day 7 Day 14 Day 21 Day 25
CB1R PET - CHR CB1R PET CB1R PET AEA Microdialysis
(n=6) ABST-7 ABST-14 ABST-14
\ Y J \ﬁ{—/ | S

Daily EtOH administration and
assessment of EtOH intake*

EtOH abstinence
and daily assessment
of water intake*

EtOH abstinence
and daily assessment
of water intake*

Fig. 1 Experimental design. ACU acute ethanol administration, CHR forced chronic ethanol administration, 4BS7-7 ethanol abstinence for 7 days,

ABST-14 ethanol abstinence for 14 days

had access to the ethanol solution during the whole day. To
assess the effects of ethanol abstinence on CBIR binding in
vivo, six of these animals were changed to drinking water
alone on day 8 and monitored for a 2-week period (Fig. 1).
The body weight of the rats and liquid intake (expressed as
millilitres per gram body weight) was recorded daily. In par-
ticular, cumulative and daily liquid intake were measured over
a 7-day period prior to the PET scan for all the conditions
(baseline, chronic and abstinence; Fig. 1).

["®F]MK-9470 characteristics and preparation

CBIR imaging was done using the radioligand ['*F]MK-9470
(N-[2-(3-cyano-phenyl)-3-(4-(2-[ '*F]fluoroethoxy)phenyl)-
I-methylpropyl]-2-(5-methyl-2-pyridyloxy)-2-methyl
proponamide), which is an inverse agonist with high affinity
(rat IC59 0.9 nM) and selectivity for the CBIR [19]. The
precursor for the synthesis of ['*F]MK-9470 was obtained from
Merck Research Laboratories (MRL, West Point, PA) and la-
belling was performed on-site using 2-['*F]fluoroethylbromide.
Tracer preparation and characteristics have been described pre-
viously [18]. The final product was obtained after high-
performance liquid chromatography (HPLC) purification and
had a radiochemical purity of >95 %. The tracer was adminis-
tered in a sterile solution of 5 mM sodium acetate buffer (pH
5.5) containing 6 % ethanol.

Small-animal PET imaging

The rats used for assessment of the acute effects of ethanol
were imaged on day 0 in the baseline condition and on day 7
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upon acute exposure to ethanol or saline (Fig. 1).
Acquisitions in the chronic ethanol condition were performed
on day 7, whereas the effects of ethanol abstinence were
monitored after a 7-day and a 14-day period of abstinence
in the same animals (Fig. 1). Prior to small-animal PET
imaging, rats were anaesthetized using 2.5 % isoflurane in
2.0 /min oxygen for all conditions. On average, 12.0+3.7
MBq of ["®FIMK-9470 (specific activity range 95 — 253
GBg/pmol, mass dose per body weight 0.50+0.22 nmol/kg)
was injected into a tail vein using an infusion needle set.
Body temperature was maintained between 36.5 and 37 °C
with a heating pad during acquisition. After an overnight fast,
["®FIMK-9470 measurements were acquired for 20 min
starting 1 h after injection [20].

Small-animal PET imaging was performed using an LSO
detector-based FOCUS-220 tomograph (Siemens/Concorde
Microsystems, Knoxville, TN) which has a transaxial reso-
lution of 1.35 mm full-width at half-maximum. Data were
acquired in a 128 x 128 x 95 matrix with a pixel width of
0.475 mm and a slice thickness of 0.815 mm. Sinograms
were reconstructed using filtered back-projection.

In vivo microdialysis

After small-animal PET imaging, rats in the different ethanol
conditions, i.e. acute, chronic and 14-day abstinence, were
subjected to in vivo microdialysis of the brain in order to
obtain quantitative measurements of the endogenous levels
of AEA in the NAcc and these concentrations were cor-
related with regional CBIR binding. Microdialysis was
performed 4 days after small-animal PET imaging
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(Fig. 1). Rats in the chronic ethanol and abstinence groups
were therefore kept in these conditions for 4 days extra.
Prior to study setup, we verified that CB1R binding did
not significantly differ between a longer exposure period
(14 days) and the 7-day period of chronic ethanol con-
sumption used for small-animal PET imaging, in order to
avoid potential time-dependent confounders (CB1R mea-
sured in terms of standardized uptake value, SUV: global
SUV7_gays=1.1£0.2; global SUV 4 gqys=1.1£0.1; not sig-
nificantly different; n=4).

For microdialysis, rats were anaesthetized using a mixture
of ketamine (60 mg/kg IP Ketalar®; Pfizer, Brussels,
Belgium) and medetomidine (0.4 mg/kg, Dormitor®; Pfizer)
and placed on a stereotaxic frame. The skull was exposed and
a burr hole was drilled to implant a guide cannula (MAB
2/6/9.14.1C; Microbiotech/se AB, Stockholm, Sweden) above
the right NAcc according to the atlas of Paxinos and Watson
[21]. The coordinates used relative to the bregma are: lateral
—0.8 mm, anterior +1.6 mm and ventral —5.7 mm. These
coordinates are the same as those previously used to evaluate
the effects of an ethanol challenge injection [6], drug self-
administration [11] and acute administration of ethanol [4] on
interstitial endocannabinoid levels in the NAcc.

After surgery, a probe (MAB 6.14.2; Microbiotech/se AB)
with a membrane length of 2 mm and a molecular weight cut-
off value of 15 kDa was introduced via the cannula. The probe
was perfused with Ringer’s solution containing 147 mM
NaCl, 4 mM KCI, 1. mM CaCl, and 10 % (w/v)
hydroxypropyl-f3-cyclodextrin (HB-(3-CD) at a constant flow
rate of 0.6 pl/min. Inclusion of HB-3-CD in the perfusate has
been proven to substantially increase the dialysis recovery of
endocannabinoids [4, 6, 11, 22, 23]. Animals were allowed to
recover from surgery overnight and dialysate collection was
started the next day. Samples were collected every 20 min,
yielding 12 pl of dialysate. Rats used for assessment of acute
effects were sampled over a baseline period of 120 min and for
240 min following an acute IP administration of 4 g of
ethanol/kg of body mass. Rats used for assessment of the
effects of chronic ethanol exposure and abstinence were both
monitored for a period of 120 min without any intervention.
Dialysate samples were frozen immediately following collec-
tion and stored at —80°C until analysis for AEA content using
HPLC with tandem mass spectrometry (MS/MS) detection as
described below.

Before injection on HPLC, 4 ul of an internal standard
solution, containing 2.5 x 10~® M D8-AEA, was added to each
sample. Calibration and quality control samples were prepared
in the same way as the collected samples. Samples were
injected into the HPLC system by an automated sample injector
(SIL-30ADvp; Shimadzu, Japan). Chromatographic separation
was performed on a GL Sciences Intersil Ph3.0 100x2.1 mm
(3.0 um particle size) held at a temperature of 45 °C.
Components were separated using a gradient from A to B

(4 0.2 % ACN in 99.8 % MilliQ+0.1 % formic acid; B 90 %
ACN in 10 % MilliQ+0.1 % formic acid) at a total flow rate of
0.25 ml/min. MS analysis was performed using an API 5000
MS/MS system consisting of an API 5000 MS/MS detector and
a Turbo Ion Spray interface. The acquisitions were performed
in positive ionization mode, with ionization spray voltage set at
5.5 kV and a probe temperature of 500 °C. The instrument was
operated in multiple reaction monitoring (MRM) mode.
Calibration curves (peak area ratio of analyte/internal stan-
dard concentration) were fitted using weighted (1/x) regres-
sion, and the sample concentrations were determined using the
calibration curves. Calibration samples at the following con-
centrations were used: 0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.00,
2.00, 5.00, 10.0 and 15.0 nM. Accuracy was verified by
quality control samples after each sample series. The concen-
trations of the quality control samples were 0.15, 1.5 and
12 nM. All sample concentrations were calculated with the
Analyst data system (Applied Biosystems, version 1.4.2; The
Netherlands) and averaged over the acquisition interval.

Small-animal PET processing and analysis

Images of ['*F]MK-9470 binding based on SUVs (SUV =
activity concentration in megabecquerels per millilitre x
body mass in grams/injected dose in megabecquerels) were
generated as a measure of absolute CB1R binding. The use of
SUV is justified given that (1) SUV modestly correlates with
estimates of total distribution volume, as determined by full
kinetic modelling in rats (R*=0.26 — 0.33) [19], while (2) full
kinetic modelling in rats still hampers serial small-animal PET
studies over time. We also investigated relative [ *F]MK-9470
binding when no absolute changes were noted by normaliza-
tion to the global cerebral SUV.

To obtain the maximal use of information without a priori
knowledge, PET data were analysed voxel-wise using
SPMS8  (Statistical Parametric Mapping; Wellcome
Department of Cognitive Neurology, London, UK). For
spatial normalization, individual PET data were normalized
to a custom-made rat brain ['F]MK-9470 template in
Paxinos stereotactic space [24]. This methodology allows
results to be reported in coordinates directly corresponding
to the Paxinos coordinate system for the rat brain.

For SPM analysis, data were smoothed with an isotropic
gaussian kernel of 1.2 mm and analysed in a multisubject x
multifactor design using treatment (ethanol vs. saline) x
conditions (baseline vs. acute) for assessment of the acute
effects of ethanol, and in a multisubject design alone for the
evaluation of the chronic exposure and abstinence conditions.

For statistical analysis, T-maps were interrogated at a
peak voxel level of ppeign=0.005 (uncorrected) and extent
threshold Az>200 voxels. Only significant clusters with
Peluster<0.05 (corrected for multiple comparisons) were
retained, in combination with sufficient localizing power
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(Pheight<0.005, uncorrected for multiple comparisons), as
described previously [20, 25]. Exceptions on pjuser Were
made for clusters which were both neurobiologically plau-
sible and relevant in the light of other findings in this study,
and explicitly mentioned. To correct for multiple compari-
sons, we conducted a Monte Carlo simulation implemented
using AlphaSim in the software package AFNI. Results of
AlphaSim indicated a voxel-wise threshold of p<0.005 com-
bined with a minimum cluster size of 200 voxels for the whole
brain to ensure that family-wise error was kept below 5 %. For
analysis of relative CB1R binding, proportional scaling to the
mean voxel value was used and an analysis threshold of 0.8 of
the mean image intensity was applied.

In addition, a voxel-based correlation analysis between
relative CBIR binding and the following covariates was
performed in the ethanol-treated groups: (1) AEA content
in the NAcc, and (2) daily ethanol consumption.

Statistical analysis

Conventional statistics were determined using GraphPad
Prism v5.0 (San Diego, CA). Reported values are given as
means + SD. Significance was defined at the 95 % proba-
bility level (p<0.05). Body weight, liquid intake and AEA
content were analysed using nonparametric Kruskal-Wallis
and Wilcoxon signed ranks test for assessment of the effects
of acute and chronic ethanol exposure, respectively. The
Dunn test was used for post hoc comparisons.

Results
Ethanol consumption

Total liquid consumption over a 7-day period prior to the PET
scan did not significantly differ between the chronically ethanol-
exposed and ethanol-withdrawn rats as compared to baseline.
The voluntary daily liquid intakes (means + SD) were 102+18,
122+17 and 117+15 ml/g for chronically exposed rats and the 7-
day and 14-day abstinence rats, respectively, while baseline
animals had an average daily water consumption of 114+
5.8 ml/g. Total liquid intake over a 7-day period prior to the
PET scan also did not differ between the different conditions.

The amounts of liquid diet consumed by the chronically
exposed rats resulted in a daily ethanol consumption of 5.47+
0.59 g/kg body weight.

In contrast, compared to the baseline condition, body
weight at the start of the scan was significantly higher in
the 7-day and 14-day abstinence rats because of the longer
follow-up period (370+27 g and 402+30 g vs. 321+22 g,
respectively; p<0.05 Dunn’s post hoc test). Liquid intake
measurements and body weights are shown for the different
conditions in Table 1.
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Effects of acute and chronic ethanol administration
and ethanol abstinence on CBIR binding

Acute ethanol administration IP at a dose of 4 g/kg of body
mass did not result in absolute changes, but resulted in a
significant increase in relative CB1R binding in the NAcc
bilaterally as compared to controls with saline treatment.
The level of increase at the Paxinos coordinate peak maxi-
mum (x,,2)=(1.4; 2.0; =8.4) was 7.7£1.5 % (Dneignt=
4.5.10°% Fig. 2a, Table 2). No other areas of significant
CBIR binding changes were found.

In contrast, chronic exposure to ethanol resulted in a sig-
nificant decrease in relative CB1R binding compared to the
baseline condition in the right hippocampus (—=5.2+3.1 %;
DPheight=1.0 % 10 and in a cluster covering the right
caudate-putamen, insular cortex and primary sensory cortex
(=5.7£3.2 %; Pheigh=7.3 % 107%). When comparing relative
CBI1R binding for the 7-day and 14-day abstinence conditions
to the baseline condition, the same regions were involved,
although the CBIR changes were more pronounced in those
rats that had abstained longer from consuming ethanol.
Relative CBIR binding increased in the bilateral hippocam-
pus and caudate-putamen by +8.9 % (SD 1.5 %; pheign=
2.4 % 107%) and +14.2 % (SD 1.6 %; Pheign=1.6 x 107°) at
the Paxinos coordinate peak maximum for the 7-day and 14-
day abstinence conditions, respectively, when compared to the
baseline condition. Relative CB1R binding also decreased in
these conditions in clusters comprising the bilateral frontal
and orbital cortices by —20.1 % (SD 1.3 %; pjeign=6.0 x 1076)
and —34.3 % (SD 1.2 %; ppeign—=4.2% 107, Fig. 3, Table 2).
Note that similar findings of increased binding in the caudate-
putamen and hippocampus were observed when comparing
the 14-day abstinence and the chronic exposure conditions (+
7.2+3.5 %,; pheigh,:2.8.10_5 ). Detailed cluster peak locations
and p-values from the relative voxel-based analyses are shown
in Table 2.

Analysis of absolute CBIR binding values in the
chronic and abstinence conditions did not reveal any
significant difference in regional SUVs following chronic
ethanol exposure compared to baseline, but showed rela-
tive differences in the hippocampus and caudate-putamen
following 14 days of abstinence (+33.3£3.9 %; peign=
8.7 x 107°). Also, absolute CBIR binding did not sig-
nificantly differ between the 7-day abstinence condition
and baseline.

Effects of acute and chronic ethanol exposure and ethanol
abstinence on AEA levels

The measured baseline mean level of AEA in the NAcc was
0.24+0.16 nM (range 0.10 — 0.55 nM). Intraperitoneal acute
ethanol administration at a dose of 4 g/kg of body mass led
to a significant increase in AEA levels (0.43+£0.20 nM; +
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Table 1 Liquid intake and body weight measured in rats with forced access to 7.2 % ethanol (v/v) or water

Baseline (n=12) Acute (n=12) Chronic Abstinence
7 days (n=12) 7 days (n=6) 14 days (n=6)
Liquid diet Water - Ethanol Water Water
Body weight (g) 321422 350428 340+14 370+27* 402+30%
Daily liquid intake (ml/g) 114+5.8% - 102+18 122+17 117+15
Cumulative liquid intake (ml/g) 685+79* - 717+78 733474 704+71

Data were analysed using non-parametric Kruskal-Wallis test with Dunn’s post hoc test. Data are expressed as means + SD. Body weight was
measured at the start of the PET scan. Cumulative and daily liquid intakes were measured over a 7-day period prior to PET.

*p<0.05, compared to baseline condition

in=6

102+71 %; p=0.03). In contrast, compared to the baseline
condition, AEA levels in the NAcc were not significantly
different following chronic ethanol exposure (0.18+
0.08 nM; p>0.05) or following 14 days of abstinence
(0.21+0.08 nM; p>0.05). The effects of acute and chronic
ethanol exposure and abstinence on AEA levels in the NAcc
are also shown in Fig. 2b.

T-value

2

I 115

s T-value

5

0

Fig. 2 a, c Statistical parametric maps of a the increase in relative
["®F]MK-9470 binding in the bilateral NAcc of healthy rats upon acute
exposure to ethanol as compared to saline treatment, and of ¢ relative
["®FIMK-9470 binding correlated to AEA content in the NAcc.
Differences in the brain regions are colour-coded and are superimposed
on the MRI template in three orthogonal planes. The coloured bars on
the right express T-score levels. b Change in AEA content in the NAcc

Nucleus accumbens

% change in AEA content
of the nucleus accumbens

Correlation between ethanol-induced changes in AEA levels
and CB1R binding

Based on the fact that acute ethanol administration led to an
increase in relative CBIR binding in the NAcc bilaterally, we
evaluated the correlation between these receptor changes and the
AEA levels measured in that region. Voxel-based correlation

(=2

AEA (nM)
—

BL ACU CHR  ABST14

o

250- r=0.99:p=1.9.10%
200+
150+
100+

50+

0.9 1.0 11 1.2

Relative ['*F]MK-9470 binding
at -1.6; 1.4; -7.0

following acute ethanol exposure (4CU), chronic ethanol exposure
(CHR), and a 14-day abstinence period from ethanol (4BST14), as
compared to the baseline condition (BL). d Scatter plot of relative
["®F]MK-9470 binding at the maximal peak location of the NAcc in
relation to AEA change following acute ethanol exposure. *p<0.05,
Wilcoxon signed ranks test
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Table 2 Peak locations for the clusters in the group comparisons of relative CBIR binding

Cluster level Voxel level Structure® Brain region
pcorrb kF:c Td Puncorr IntenSity X y z
difference (%)f
Baseline vs. acute exposure
ABL — ACUgon)> 0.001 2379 498  <0.001 +9.28 1.4 2.0 —8.4  Bilateral nucleus accumbens
ABL — ACUggine)* 4.80  <0.001 2.4 1.4 -8.8
424  <0.001 -1.8 1.2 -10.0
Baseline vs. chronic exposure
CHR<BL 0.013 1771 4.62 <0.001 -5.73 =52 0.0 —5.0  Right caudate-putamen, insular
438  <0.001 -3.5 0.4 2.4 cortex and primary sensory
cortex
0.362 598 371  <0.001 -5.17 -58 5.6 —4.4  Right hippocampus
339  <0.001 -3.8 58 -3.2
332 <0.001 -42  -6.0 -5.0
Baseline vs. abstinence
7-day abstinence<BL ~ <0.001 2788 798 <0.001 —20.14 0.4 2.8 —6.6  Bilateral frontal cortex and
7.74  <0.001 1.4 4.2 =5.0 orbital cortex (ventral part)
7.73  <0.001 —0.8 4.8 -5.0
7-day abstinence> 0.004 1521 6.79  <0.001 +8.86 -34 30 —3.6  Bilateral hippocampus
baseline 6.27  <0.001 22 3.0 2.4
5.79  <0.001 05 25 -2.5
0.170 612 6.50 <0.001 +5.02 -1.2 0.4 —3.4  Right caudate-putamen
14-day abstinence 0.003 1618 9.01 <0.001 —34.30 1.8 4.8 —5.6  Bilateral prefrontal cortex and
<baseline 6.65  <0.001 —-0.8 52 —5.2 orbital cortex (lateral part)
5.66  <0.001 1.0 5.6 —6.6
14-day abstinence> <0.001 7900 10.07 <0.001 +14.16 2.0 0.8 —4.8  Bilateral caudate-putamen
baseline 7.54  <0.001 38 24 -3.8 and hippocampus
7.34  <0.001 -1.8 3.0 -3.0

T-maps were interrogated at a peak voxel level of pheign=0.005 (uncorrected) and extent threshold kz>200 voxels

AABL — ACUgon): difference in relative ['® FIMK-9470 binding following acute exposure to ethanol as compared to baseline condition.
A(BL — ACUgyjine): difference in relative ['® F]MK-9470 binding following acute exposure to saline as compared to baseline condition

b Peorr the chance (p) of finding a cluster with this or a greater size (kg), corrected for search volume

¢ kg, cluster extent

97 measure of statistical significance

€ Puncorr the chance (p) of finding (under the null hypothesis) a voxel with this or a greater height (7-statistic), uncorrected for search volume

ntensity difference (%) at the voxel level in comparison to controls

€ x lateral distance in millimetres from the midline (negative values to the right side), y anteroposterior location relative to Bregma (negative values
posterior to Bregma), z dorsoventral position (based upon the Paxinos stereotactic atlas)

analyses showed a positive relationship between the change in
AEA level following acute ethanol exposure and relative CBIR
binding. After correction for the small volume of the NAcc
(sphere of 2 mm at (x,1,2)=(—1.6; 1.4; —=7.0), this cluster reached
significance (r=0.99; pheightzl.9.1075 ; Fig. 2d, Table 3).

Correlation between ethanol consumption and CB1R
binding

We further assessed correlations between CBIR binding and
ethanol consumption. After chronic ethanol exposure, no
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significant correlations between ethanol drinking parameters
(daily and cumulative ethanol intake) and CB1R binding
were found. Significant correlations were found between
ethanol intake before abstinence and CBIR binding in the
frontal cortex and hippocampus, as shown in Fig. 4. In
particular, a negative relationship was found between daily
ethanol consumption and the difference in relative CBIR
binding in the 7-day abstinence condition and the baseline
condition in the right frontal cortex, indicating a higher
CBIR binding decrease in rats with more previous ethanol
intake at that time (#=—0.99; pheign=1.2 % 1073; Fig. 4a, b).
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Fig. 3 Coronal brain sections
showing overlays on the
regions where statistically
significant increases (red) and
decreases (blue) in relative
['®F]MK-9470 binding were
observed following chronic
ethanol exposure (CHR), the 7-
day abstinence period (ABST 7)
and the 14-day abstinence
period (ABST 14), as compared
to baseline (figure given at
Pheight<0.005 uncorrected).
Significance is indicated by the
T statistic colour scales, which
correspond to the level of
significance at the voxel level.
The distance between the
sections is 1.00 mm and the
positions relative to the bregma
(positive values for sections
anterior to the bregma) are
shown at the on top left corner
of each section. Images are
oriented according to

neurological convention ABST 14

Additionally, daily ethanol intake was positively correlated
with the difference in relative CBIR binding in the 14-day
abstinence condition and the baseline condition in the left
hippocampus  (#=0.99; pheigni=2.3 % 107°; Fig. 4c, d).
Detailed cluster peak locations and p values from the voxel-
based analyses are shown in Table 3.

Discussion

In the present study, we characterized the changes in CB1R
binding and levels of AEA in vivo in rats subjected to
several ethanol conditions using ['*F]MK-9470 small-
animal PET and microdialysis.

Firstly, we provide preclinical evidence that acute expo-
sure to ethanol is related to an increase in CB1R binding in
the NAcc that is correlated with increases in AEA levels in
that region (Fig. 2 and Table 2). This finding of increased
levels of CB1R binding following acute ethanol exposure is
consistent with PET findings in healthy humans, where

T-value

9.1 ps4.2.10%

28~ p=0.005

T-value

—10.0' ps1.7.10%

2.8 — p=0.005

acute ethanol administration has been shown for the first
time to result in a transient increase in CBIR binding,
including in the NAcc [17]. In contrast, other preclinical
studies have shown no changes in the levels of CB1Rs in the
hypothalamus and caudate-putamen [8] or in CB1R gene
expression in the NAcc, while decreased CBIR gene ex-
pression has been shown in the caudate-putamen, amygdala
and hypothalamic nucleus ex vivo within 2 h of a single
intragastric administration of 3 g/kg of ethanol [7]. The
AEA content in the NAcc of rats has been reported to
decrease within 60 — 90 min of IP administration of 2 g/kg
and 4 g/kg of ethanol [4, 6], while ethanol self-
administration for 24 h did not induce any change [11].
Discrepancies between our findings and the results of pre-
vious preclinical studies may be because of methodological
differences (e.g. in vivo CBIR imaging vs. ex vivo mea-
surement of CB1R gene expression) or of different routes
(e.g. IP vs. intragastric) and durations of ethanol adminis-
tration. Discrepancies are probably not due to species dif-
ferences as all experiments were performed in rats.

@ Springer
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Fig. 4 a, c Results of voxel- a
based correlation analyses of
the average daily ethanol
consumption with the
difference in relative [ *F]MK-
9470 binding after a the 7-day
abstinence from ethanol
(ABST-7) and ¢ the 14-day
abstinence from ethanol (4BST-
14), compared to the baseline
condition. b, d Scatter plots of
the differences in relative
['®FIMK-9470 binding at the
maximal peak location in b the
frontal cortex and d the
hippocampus in relation to the
average daily ethanol
consumption. Significance is
indicated by the T statistic
colour scales, which correspond
to the level of significance at
the voxel level. Images are
oriented according to
neurological convention

The mechanism by which ethanol promotes increased
AEA levels in the NAcc on a short-term basis may be related
to the impact of ethanol on levels of other endocannabinoids,
such as 2-AG. In the NAcc, AEA regulates synaptic activity
predominantly via transient receptor potential vanilloid 1
(TRPV1) receptors [26]. Maccarrone et al. [27] additionally
found that increased AEA levels result in decreased 2-AG
release via the stimulation of TRPV1 channels. Accumulating
evidence suggests that 2-AG is a more suitable candidate than
AEA as an endogenous CBIR ligand, at least in central
synapses [28], and is therefore much more likely to cause
rapid CBIR downregulation. Thus, it is conceivable that
increased AEA levels may reduce tonic 2-AG levels, which
may lead to an increase of CB1R binding. This scenario is also
in accordance with the observation of Romero et al. who
found that acute AEA administration resulted in a significant
increase in CBIR density in the hippocampus [29]. However,
from the current findings, it remains unclear whether changes
in receptor binding are due to altered receptor density, or
changes in receptor affinity or in receptor trafficking, as they
cannot be distinguished with PET. Nevertheless, the increased
CBIR binding cannot be due to a possible competition effect of
endogenous cannabinoids with the ['*F]MK-9470 radioligand.
The affinity of the endocannabinoids (26 — 209 nM for AEA
and even above 10 uM for 2-AG) is 100-fold to 1,000-fold
lower than the nanomolar affinity of ['*F]MK-9470 (0.7 nM)
for the CBIR [30]. To look at the status of a receptor without
any influence of the endogenous ligand, high-affinity

1154 r=-0.99; p=1.2.10°
1104
105+

1004

Daily ethanol
consumption (mi/g)
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an
30 T 1

10 T-value A5 _1I|;| _I5 0 5

% change relative ['®FJMK-9470 binding
between ABST-7 and baseline
at -3.4; 3.6; -3.0

o

115 r=0.99;p=2.3.105
1104
105+
100+

95

Daily ethanol
consumption (mi/g)

T-value -10 5 0 5 10

% change relative [‘aF]MK-N?O binding
between ABST-14 and baseline
at 6.8; -7.4; -6.4

radioligands are necessary, as is the case with ['*F]MK-9470.
Also, as demonstrated previously for [''C]MePPEP [31], cur-
rent high-affinity CB1R radioligands are not displaceable in
vivo by endogenous agonist or synthetic agonists.

Secondly, we provide preclinical evidence that 1-week of
chronic ethanol exposure leads to decreased CB1R binding
in the hippocampus, caudate-putamen, and insular and pri-
mary sensory cortices as compared to the baseline condition
(Fig. 3 and Table 2). The decreases in the hippocampus and
caudate-putamen were reversible in the short-term, as ob-
served after 1 — 2 weeks of ethanol abstinence, and even
recovered to levels above normal (Fig. 3 and Table 2).
Reductions in CBIR binding in the hippocampus and
caudate-putamen after chronic administration are in line
with the findings of previous ex vivo work demonstrating
decreased CB1R density, gene expression and functionality
in these regions, and also in the hypothalamus, cortex and
cerebellum following 3 days and 52 days of ethanol con-
sumption, as measured using ["H]CP55,940 autoradiogra-
phy, in situ hybridization and [*>S]JGTP- S binding assays
[10, 13]. Basavarajappa et al. additionally reported that
these decreases in CBIR levels occur without any changes
in receptor affinity [32]. Their recovery following withdraw-
al to levels above normal have so far only been demonstrat-
ed ex vivo in the hippocampus for CBIR gene expression
and its signal transduction efficiency, whereas protein levels
in this region reached only baseline values [10, 33]. Also, in
line with the findings of our work, Mitrirattanakul et al.
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found that the upregulation of hippocampal CB1Rs is highly
dependent on the duration of alcohol withdrawal [33]. In the
present study, recovery in the caudate-putamen and hippo-
campus was also higher following 14 days of abstinence
than following 7 days, i.e. +14 % vs. +7 %.

The findings discussed above are supported by the model
recently proposed by Pava and Woodward on ECS changes
during different stages of alcohol addiction [3]. They stated
that chronic ethanol treatment is associated with reductions in
CBIR expression in most brain structures that are paralleled
by increased concentrations of both AEA and 2-AG [33-37].
The hyperexcitability associated with the initial phase of
withdrawal and abstinence (a few days) results in a large
increase in endocannabinoid release and concomitant reduc-
tions in CB1R expression. Over time endocannabinoid levels
may be persistently increased during several weeks of absti-
nence, and CB1R expression is upregulated over time to allow
the ECS to respond to phasic changes. Although in the present
study we did not quantify AEA levels in these regions, it
seems from the above findings as if CB1R signalling specif-
ically in the hippocampus and caudate-putamen of all brain
regions plays a key role in ethanol addiction. Also in alcohol-
dependent patients, chronic alcohol consumption has been
shown to result in a reduction in CBIR availability affecting
the whole brain, although this reduction remained unaltered
after 4 weeks of supervised abstinence from alcohol [15, 16].
Nevertheless, recovery to normal levels has also been found to
occur in chronic cannabis users upon cannabis abstinence
using ['*FJFMPEP-d, [38].

Thirdly, in the current study, withdrawal of ethanol addi-
tionally resulted in decreased CB1R binding in the frontal
cortex and in the orbitofrontal cortex as compared to the
baseline condition (Fig. 3 and Table 2). It has previously been
demonstrated that the ECS and the endovanilloid system
interact within the rat prefrontal cortex to control anxiety-
like behaviour that is elicited by withdrawal of ethanol [39].
Blockade of the CB1R, either systemically or by local admin-
istration to the amygdala-prefrontal cortical pathway, strongly
attenuates anxiogenic traits [40, 41]. Rubio et al. have
suggested that this effect occurs through restoration of
GABA/glutamate imbalances within the prefrontal cortex,
primarily by modifying GABAergic transmission [41]. It
therefore seems conceivable that the decrease in CB1R bind-
ing we found in the same region could have been an endog-
enous compensatory response. Of special interest, CB1R-
deficient mice appear to suffer no signs of withdrawal upon
alcohol discontinuation [42]. However, results concerning the
relationship between anxiety levels and alcohol drinking are
still ambiguous, and we did not measure behavioural aspects
of withdrawal in this study [43]. In human studies, decreased
neuronal activity in the prefrontal, especially the orbitofrontal,
cortex during detoxification has also been demonstrated using
fMRI and ['®F]JFDG PET [44].
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Finally, we demonstrated that the frontal decrease in CB1R
binding after 7 days of abstinence was inversely related to the
history of daily ethanol consumption, indicating a greater
decrease in those rats with greater previous ethanol intake
(Fig. 4 and Table 3). We also found that chronic ethanol
exposure decreased CB1R binding in the hippocampus that
was found to be reversible after 1 — 2 weeks of abstinence
(Fig. 4 and Table 3). The magnitude of this hippocampal
CBIR change at 2 weeks of abstinence was positively corre-
lated with the average daily consumption of ethanol,
suggesting a higher reversible effect with greater previous
ethanol intake. It is worth mentioning that the positive corre-
lation between ethanol consumption and CB1R binding in the
hippocampus was also detectable following 7 days of absti-
nence and that the negative correlation between these two
variables in the frontal cortex was also seen following 14 days
of abstinence, albeit for both time points at a lower signifi-
cance level than found in this work (pheignt<0.01, kex;=200).

Several studies have posited common substrates of addic-
tion related to the frontocortical and hippocampal regions,
including cognitive control, delayed gratification and memo-
ry, suggesting a close relationship between brain circuits in-
volved in the regulation of drug dependence and learning and
memory [45, 46]. Principally, hippocampal mechanisms pro-
vide the contextual background to drug craving that defines
the motivational arousal upon which goal-directed responding
occurs, while frontal mechanisms participate in executive
control of the response [47]. CB1Rs control both hippocampal
and frontal glutamatergic projections to the NAcc via a pre-
synaptic inhibitory effect on neurons that release both GABA
and cholecystokinin [47]. In line with our findings of de-
creased CBIR binding in the frontal cortex—and thus of
reduced glutamatergic activity—positively related to ethanol
consumption, lesions of the (pre)frontal cortex in rats have
been shown to result in increased responding for cocaine
under a second-order schedule of reinforcement and in en-
hanced acquisitions of cocaine self-administration [48].
Moreover, specific neurochemical profiles of the frontal cor-
tex region have been shown to be significantly altered in the
rat model of long-term alcohol consumption as compared to
control rats [49]. In addition, in line with our findings of
increased CBIR binding in the hippocampus—and thus of
increased glutamatergic activity—negatively related to etha-
nol consumption, stimulation of the hippocampus has been
shown to reinstate extinguished cocaine seeking in rats when
animals were placed in a context of drug taking [50].
Moreover, the activation of hippocampal circuits in associa-
tion with a drug-related context activates the prefrontal cortex
in expectation of the drug reinforcer. Specifically, the attribu-
tion of salience to a given stimulus, which is a function of the
frontal cortex, depends on the relative value of a reinforcer
compared to simultaneously available reinforcers [51]. This
requires knowledge of the strength of the stimulus as a
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reinforcer, which depends on the hippocampus. Additionally,
preclinical studies have also shown that CB1Rs also play a
critical role in modulating stress responses through actions in
both the hippocampus and prefrontal cortex [52]. Therefore, it
is not unlikely that frontal and hippocampal CB1R changes
are related to the amount of ethanol consumed prior to
abstinence.

In this study, we only correlated the ethanol-induced
changes in CBIR binding to the endogenous levels of AEA
changes. Most lipidomic studies investigating increases in
AEA levels have also shown elevation of molecules closely
related to endocannabinoids including palmitoy! ethanolamide
and oleoyl ethanolamine. To investigate whether the effect of
alcohol is selective for AEA indicating a truly specific
upregulation of endocannabinoid signalling or whether it is a
more general homeostatic response, further microdialysis ex-
periments should include the monitoring of the levels of other
endocannabinoids, including 2-AG, and investigation of the
AEA levels in other brain regions. In order to better interpret
these current findings, it would also be interesting to look at the
effects of different ethanol doses and conditions on
endocannabinoid signalling.

Conclusion

This combined in vivo small-animal PET and microdialysis
study indicates that acute ethanol consumption is associated
with enhanced endocannabinoid signalling in the NAcc,
indicated by increased CB1R binding and AEA content in
that particular brain area. In addition, chronic forced expo-
sure to ethanol indicates further regional dysfunction in
CBIR levels, including in the hippocampus and caudate-
putamen. These changes are reversible within weeks of
abstinence. Also, during abstinence, frontal CB1R binding
is decreased. The magnitude of these findings in brain areas
important for the processing of reward and learning related
to addictive behaviour are correlated with the history of
ethanol consumption. Taken together, our findings show
that acute and chronic ethanol consumption produce rele-
vant in vivo alterations in CB1R levels that deserve further
study for the development of rational therapeutic strategies
for alcohol dependence and abstinence targeting the ECS.
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