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Abstract

Purpose Phosphodiesterase 10A (PDE10A) is a dual substrate enzyme highly enriched in dopamine-receptive striatal
medium spiny neurons, which are involved in psychiatric disorders such as alcohol use disorders (AUD). Although preclini-
cal studies suggest a correlation of PDE10A mRINA expression in neuronal and behavioral responses to alcohol intake, little
is known about the effects of alcohol exposure on in vivo PDE10A activity in relation to apparent risk factors for AUD such
as decision-making and anxiety.

Methods We performed a longitudinal ['8F]INJ42259152 microPET study to evaluate PDE10A changes over a 9-week inter-
mittent access to alcohol model, including 6 weeks of alcohol exposure, 2 weeks of abstinence followed by 1 week relapse.
Parametric PDE10A-binding potential (BPy) images were generated using a Logan reference tissue model with cerebel-
lum as reference region and were analyzed using both a volume-of-interest and voxel-based approach. Moreover, individual
decision-making and anxiety levels were assessed with the rat lowa Gambling Task and open-field test over the IAE model.
Results We observed an increased alcohol preference especially in those animals that exhibited poor initial decision-making.
The first 2 weeks of alcohol exposure resulted in an increased striatal PDE10A binding (> 10%). Comparing PDE10A-
binding potential after 2 versus 4 weeks of exposure showed a significant decreased PDE10A in the caudate-putamen and
nucleus accumbens (PewE._corrected < 0-03). This striatal PDE10A decrease was related to alcohol consumption and preference.
Normalization of striatal PDE10A to initial levels was observed after 1 week of relapse, apart from the globus pallidus.
Conclusion This study shows that chronic voluntary alcohol consumption induces a reversible increased PDE10A enzymatic
availability in the striatum, which is related to the amount of alcohol preference. Thus, PDE10A-mediated signaling plays
an important role in modulating the reinforcing effects of alcohol, and the data suggest that PDE10A inhibition may have
beneficial behavioral effects on alcohol intake.

Keywords Alcohol preference - Phosphodiesterase 10A - MicroPET - ['8F]INJ42259152 - Open-field test - Rat Iowa
Gambling Task

Introduction

Alcohol use disorders (AUD) have a large impact on the
population’s mental and physical well-being as they embody
chronically relapsing conditions with relapse rates of
40-60%. It is now commonly accepted that addiction devel-
ops through phases, characterized by an initial recreational
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use, followed by excessive consumption, compulsive drug
seeking and episodic withdrawal, and terminates in drug
seeking and relapse. However, although the knowledge on
the neurobiology of AUD is still expanding, efficacious
treatments for AUD are still missing.
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Aside from classical targets associated with alcohol-
related reward, such as dopaminergic, glutamatergic, mu-
opioid, and GABAergic neurons [1-3], research is now also
focusing on biological substrates responsible for negative
reinforcement and chronic relapse, impulse loss of control,
dysphoria, anxiety, stress, and maladaptive mechanisms
resulting from protracted drug use.

Specific subclasses of the phosphodiesterase (PDE)
enzyme family are particularly attractive for pharmacologi-
cal manipulation in respect to drugs of abuse, including
alcohol [4]. PDEs are dual specific enzymes which hydro-
lyze cyclic adenosine and guanosine monophosphate (cAMP
and cGMP), consequently regulating cognate signaling path-
ways such as synaptic plasticity [5], learning, memory, and
cognition [6, 7] as well as promoting neuronal survival [8].
Several studies suggested the cyclic nucleotide phosphodi-
esterase-10A (PDE10A) as a promising target when it comes
to tackling diseases that have been related with disturbances
of striatal dopamine transmission like neurodegenerative and
neuropsychiatric disorders [9], due to its high and localized
expression in the medium spiny neurons (MSNs) of the basal
ganglia [10]. PDE10A is involved in the hydrolysis of the
cyclic nucleotides adenosine monophosphate (cAMP) and
guanosine monophosphate (cGMP) [11, 12], regulating the
excitability of MSNs and thereby acting on the postsynaptic
dopaminergic neurotransmission. Both dopamine D1 and D2
receptors mediate their effects through activation or inacti-
vation of the cAMP/PKA (protein kinase A) pathway in the
MSNs [13]. PDEIOA can thus be seen a key regulator of
basal ganglia dopaminergic function [9].

In line with this, several studies have shown that changes
in dopamine neurotransmission are related to changes in
PDE10A activity [14—16]. Pharmacological inhibition of
PDE10A has been shown preclinical and clinical efficacy
in movement-related disorders such as Parkinson’s and
Huntington’s diseases [17-22], but also in neuropsychiat-
ric diseases such as schizophrenia [6, 23-25] and substance
use disorders [26, 27]. For instance, MP-10, a highly selec-
tive PDE10A inhibitor, attenuates morphine-induced con-
ditioned place preference and facilitates extinction in rats
[26], similarly to cocaine-induced effects [27].

In AUD, PDEI10A has been suggested to also be a regu-
lator of neuronal responses after reinforcement and to alter
motivated behaviors like alcohol self-administration. The
first connection between PDE10A and AUD was established
when PDE10A mRNA expressions in the prelimbic prefron-
tal cortex showed a correlation with greater alcohol self-
administration during the relapse-like phase in rats with a
history of stress exposure [28]. Secondly, during protracted
withdrawal, PDE10A mRNA levels were reduced in the dor-
sal striatum, prelimbic prefrontal cortex, and medial amyg-
dala, in contrary to elevated PDE10A mRNA expression
observed in the basolateral amygdala during both acute and

protracted withdrawal [29]. The same group also showed
administration of TP-10, another selective PDE10A inhibi-
tor, was able to reduce alcohol self-administration in alco-
hol-dependent and non-dependent rats with or without a his-
tory of stress and in genetically alcohol-preferring rats [30].

Whereas there is preclinical evidence to support the
involvement of PDE10A in neuronal and behavioral
responses to alcohol intake and preference, little is known
about the effects of alcohol exposure, abstinence, and relapse
on in vivo PDE10A enzymatic activity, in relation to appar-
ent risk factors for AUD such as decision-making and anxi-
ety. To address this knowledge gap, we performed a lon-
gitudinal ['8F]INJ42259152 PDE10A microPET imaging
[31] study, to directly measure in vivo changes of PDE10A
availability in rats monitored over a 9-week alcohol abuse
reinstatement model, mimicking different stages of AUD, in
combination with decision-making and anxiety assessments.

Materials and methods
Animals and procedures

In total, 18 adult male Wistar rats (R. Janvier, Le Genest-
St-Isle, France), individually housed in a temperature- and
humidity-controlled room under an inverse 12-h light/dark
cycle, were investigated (average weight at the time of the
experiment: 332 +7 g). Only male rats were included in the
study in view of the known gender effect in the availability
or expression of PDEI0OA [32-34]. A subset of 9 experi-
mental animals were monitored over a 9-week intermittent
access of ethanol model (described in the following para-
graph), including 6 weeks of alcohol exposure, 2 weeks of
abstinence followed by 1 week relapse. The other group of
9 rats were included as a sham group (water exposure) to
mainly evaluate the differences of chronic alcohol exposure
on PDE10A enzymatic activity compared to baseline levels.

Alcohol drinking paradigm

An intermittent access 20% ethanol 2-bottle choice drinking
paradigm, adapted from Simms et al. [35], referred to as an
“intermittent access to ethanol” (IAE) animal model, was
employed to induce alcohol intake as described previously
[36]. The IAE animal model is highly relevant to early stages
of alcohol abuse and is one of the most prominent animal
models used in ethanol research [37]. Every 24 h, the para-
digm was changed presenting either 2 drinking bottles, a
water and an experimental ethanol solution bottle containing
a 20% v/v dilution of 99% v/v percent stock ethanol (Tech-
nisolv, VWR chemicals, Radnor, PA, USA). After 24 h,
both bottles were taken away and replaced by a single water
bottle. To avoid side preference bias, drinking bottles were
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alternated [35] and bottles were weighted 24 h after delivery.
Alcohol consumption and alcohol preference, calculated as
the ratio between the solution and water consumption, were
used as outcome. After 6 weeks of alcohol exposure, the rats
underwent 2 weeks of abstinence phase with access to the
bottle of water only. Finally, the rats regained access dur-
ing a second alcohol exposure period to alcohol for 1 week
to mimic relapse. A detailed timeline of the experiment is
shown in Fig. 1.

Behavioral testing

Decision-making and anxiety-related behavior were assessed
in all experimental animals with the rat lowa Gambling Task
(rIGT) (adapted from Zeeb et al. [38]) and open-field test
(OFT) at week O (baseline); weeks 1, 3, 6 (ethanol expo-
sure phase); weeks 7 and 8 (abstinence phase), and at week
9 (relapse phase) (Fig. 1). An extensive description of the
behavioral tasks is reported in the Supplementary Material.
Briefly, for the rIGT, the outcome (decision-making score)
was calculated as [(no. pellets rewarded/no. nose-pokes)],
with 2 equals to efficient decision-making and < 1.8 equals
to poor decision-making. The reinforcement schedule was
designed so that the two-pellet choice was optimal in terms
of reward earned per unit time. Animals received weekly
testing sessions and each session lasted 30 min. The total
number of trials completed, i.e. amount of times an animal
successfully poked its nose in an illuminated hole, were ana-
lyzed as a fraction of the total pellets received, as a measure-
ment of risk-taking behavior. In low risk-taking behavior,
this number approximates two, indicating primarily option
two was chosen. Animal’s individual anxiety-related behav-
ior was assessed using the OFT. Each animal was placed in
the center of an open field apparatus that consists of a stand-
ard circle arena with a diameter of 80 cm, height 31.5 cm,
surrounded by a 40 cm rim. The ratio between the average
center distance over the total distance from the edge to the
center was used as surrogate marker for anxiety: a lower
locomotor activity was interpreted as a more anxious state.

Behavioral tests were always executed on the first 2 days
of the week, in the same order, on similar hours throughout
the day starting after 3 h from the last access to the drinking
bottles to allow robust comparison between groups.

6 weeks IAE

Week 0

Week 1

Week 2 Week 3

Behavioural Tests bA

Week 4

Small animal PET imaging: acquisition and analysis

Small animal PDE10A imaging was performed using ['*F]
JNJ42259152. ['8F]INJ42259152 is a potent and highly
selective inhibitor of PDE10A. JNJ-42259152 inhibits
the cAMP-hydrolyzing activity of purified recombinant
PDEI0A with potency pIC50 (known log of inhibition con-
stant at 50%) of 8.82 for the human enzyme [39]. In vitro
binding affinity of ['®F]INJ42259152 is K, =6.62 +0.7 nM
[40]. The radiotracer was obtained with a radiochemical
purity >98% and an average molar activity of 150 GBg/pmol
at the time of injection.

PDE10A scans were performed on a Focus 220 microPET
scanner (Siemens Medical Solutions, Knoxville, TN, USA),
which has a transaxial resolution of 1.35 mm in full-width
at half maximum. The entire scan, rats were kept under gas
anesthesia (2.5% isoflurane in O, at a flow rate of 1 L/min)
and on a heating pad at 37 °C. Heart rate and breathing
rate of all rats were monitored during the entire experiment.
Animals were injected intravenously into the tail vein with
an average of 24.1+1.9 MBq (23.4+ 1.8 MBq at the first
time point, 24.8 + 1.8 MBq at the second time point, and
24.0+2.2 MBq at the last time point).

Dynamic 60-min scans started simultaneously with ['3F]
JNJ42259152 injection with 3 animals scanned on a single
bed at the same time. Celen et al. [41] previously demon-
strated that for a 60-min dynamic micro-PET acquisition,
striatal BP of the intact tracer referenced to the cerebellum
showed very good correlation with corresponding BP values
of a simplified reference tissue model and referenced Logan
Plot. Data were acquired in a 128 X 128 X 95 matrix with a
pixel width of 0.95 mm and a slice thickness of 0.8 mm. List-
mode data were reconstructed in 21 time frames (4 X 15 s,
4x60s,5x180s, 8300 s) for a 60-min acquisition using
an iterative maximum a posteriori probability algorithm
reconstruction and attenuation correction by means of >’Co-
attenuation scan. A summed image of the reconstructed data
was spatially normalized to a custom-made rat brain tem-
plate (!C-raclopride) in Paxinos stereotactic space [42],
which also has a predominant striatal uptake. The affine
transformation was then used to normalize all time frames
of the dynamic micro-PET data set to allow automated
and symmetric volumes of interest (VOI) analyses, using a

Abstinence 1 week IAE

Week 8

A

Week 5 Week 6 Week 7

Week 9

PDE10A PET Scans

A .

Fig. 1 Schematic overview of the experimental design. Time-course
of the 9 weeks of the intermittent access of ethanol (IAE) animal
model, indicating the time points of the behavioral tests (gray triangle
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predefined VOI map defined in PMOD (v3.3; PMOD Tech-
nologies, Ziirich, Switzerland). Parametric PDE10A-binding
potential (BPyy) images were generated using a Logan refer-
ence tissue model with cerebellum as reference region [31,
40], and were analyzed using both a VOI- and voxel-based
approach. Parametric PDE10A BPy, images of the 9 rats
used as a control sham group [40] to facilitate comparison
with the 2-week alcohol exposure experimental group were
generated using the acquisition time interval of 60 min and
were identically processed.

Voxel-wise analyses were performed without a priori
knowledge of the target regions using Statistical Paramet-
ric Mapping 12 (SPM12, Wellcome Department of Cogni-
tive Neurology, London, UK). After spatial normalization,
PDE10A BPyp images were smoothed with a 1.2-mm full
width at half maximum Gaussian filter and masked for
extracerebral signals. SPM analysis of PDE10A BPy, data
was performed with an 80% relative analysis threshold in a
flexible factorial design for longitudinal data, and in a cat-
egorical design for the control group versus each alcohol
condition. 7-map thresholds were set at 0.005 uncorrected
for the peak voxel level and > 200 voxels for the cluster size
(kE). Only clusters that reached significance at p e < 0.05
(FWE corrected) were retained.

Statistical analysis

Conventional statistics were carried out using GraphPad
Prism 8.1.2 software (GraphPad Software Inc., La Jolla,
CA, USA). A nonparametric Friedman test followed by a
Dunn’s post hoc test was performed to detect differences on
the alcohol consumption and alcohol preference across the
different weeks of alcohol exposure. The same statistical test
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was performed to compare BPy, values at the different time
points. An unpaired Mann—Whitney #-test was performed to
evaluate BPy, changes in the experimental alcohol group
compared to the sham control condition, for both VOI- and
voxel-based analysis. We explored correlations between
regional PDE10A changes between the different alcohol
conditions and behavioral outcomes using Spearman’s non-
parametric test. Data are expressed as the mean + SEM, and
statistical significance was set at p <0.05.

Results
Alcohol consumption and preference

Overall, both alcohol consumption and preference sig-
nificantly increased over time (alcohol consumption:
1A(6)=42.77, p<0.0001; alcohol preference: y*(6)=43.39,
p<0.0001). The alcohol consumption significantly escalated
at week 3 (p <0.05), as well as at week 6 (p <0.0001) and
week 9 (relapse condition; p <0.0001) in comparison to the
initial intake reported at week 1 (Fig. 2a). Compared to week
1 (average 2.8 +0.6 g/kg/day), the rats reached a higher alco-
hol consumption (76%) after only 3 weeks of administra-
tion (4.9 +£0.7 g/kg/day). After 2 weeks of abstinence, the
alcohol consumption remained overall stable (6.0+ 1.0 g/kg/
day) (Fig. 2a). Similarly, alcohol preference (alcohol/water)
increased over time with significantly higher preference
during week 3 (32+5%; p <0.005) and during the relapse
period (33 +6%; p <0.005), compared to week 1 (Fig. 2b).
Noteworthy, we observed that few rats developed higher
alcohol consumption and preference during the first phase

Alcohol preference (alcohol/water, %)
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Fig.2 Alcohol consumption and preference in function of the alco-
hol exposure week. Aligned dot plots (mean + SEM) showing weekly
a average alcohol (g/kg/day) consumption and b alcohol preference
(%, ratio of volume alcohol solution/water intake) over a period of
9 weeks of the intermittent access of ethanol (IAE) animal model.

Filled gray symbols show those rats who reported a higher alcohol
consumption above the mean during at week 3 of the IAE model. W,
week; p<0.05; “p<0.005; ““p<0.0001 (Dunn’s nonparametric
comparison for post hoc Friedman test)
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of the IAE model, which was maintained or even increased
after abstinence.

Behavioral testing
Rat lowa Gambling Task

Assessing risk-taking behavior during the 9 weeks of alcohol
model, the rIGT revealed overall a general constant behav-
ioral performance across the IAE model. The mean deci-
sion-making score was 1.90+0.08. The rats obtained 70 +5
rewards consisting of 132 +7 pellets in total. We could not
observe significant alcohol-related changes in risk-taking
performances (p =0.12). However, when looking at base-
line individual rIGT performance, a subgroup of rats scored
low ranging from 1.4 to 1.7 (on average 1.6 +0.1; Fig. 3a).
To evaluate whether individual behavioral baseline charac-
teristics of the animals had an influence on their alcohol
consumption, mixed model analysis was performed. The
score on the rIGT was shown to significantly predict alcohol
consumption over time (p=0.017). When dividing the ani-
mals based on the baseline rIGT score (< 1.8 vs.> 1.8 equals
to poor vs. normal decision-making) and displaying their
alcohol consumption, a significant difference between the
two groups was observed exclusively at baseline (p <0.001).
Indeed, the rats scoring low on the baseline rIGT (< 1.8)
were those rats who consumed a larger and increasing
amount of alcohol per day (Fig. 3a).

Open-field test
The IAE model displayed an overall main effect on the two

OFT outcome automated measures over the different alco-
hol phases compared to baseline, determined by both the

mean total distance traveled (p <0.0001) as well as the dis-
tance to the center (p <0.0001), and hence by the resulting
center distance/total distance ratio during the 10 min OFT
(»<0.0001). This applied to all time points when compar-
ing to baseline (67.4+2.9 cm), resulting in a significant
decreased locomotor activity during the 6 weeks of chronic-
alcohol intake (33.5+4.5 cm), the abstinence phase (weeks
7 and 8; 30.6 +2.6 cm) and relapse (week 9; 27.5+3.2 cm)
(Fig. 3b). The OFT ratio significantly decreased during
the relapse phase (reflecting an increased anxious behav-
ior), comparing to week 3 and 6 of alcohol consumption
(»p=0.02, Fig. 3c). While baseline OFT characteristics could
not predict initial alcohol consumption (interaction effects),
significant effect of the alcohol consumption on OFT perfor-
mances was observed during the final alcohol intake period
(p=0.037), the first week of abstinence (p =0.022) and
relapse (week 9; p=0.003).

PDE10A microPET changes and alcohol exposure

Average PDE10A BPy, maps acquired for the sham control
condition and for the experimental IAE condition (after 2,
4 weeks of alcohol exposure, and at relapse after 2 weeks
of abstinence) are represented in Fig. 4a. The first 2 weeks
of alcohol exposure (ALC w2) resulted in an increased
PDE10A binding in the striatum (+ 12%, p=0.04; Fig. 5),
compared to the sham group. Voxel-based comparison
between sham and ALC w2 revealed increased PDE10A
BPyp, values in two clusters comprising the bilateral cau-
date-putamen (ppjqn < 0.005; Fig. 4b).

Comparing PDE10A BPy after 4 versus 2 weeks of
exposure, showed a decreased PDE10A binding in the
bilateral caudate-putamen, extending to the NuAc shell
and bed nucleus of the stria terminalis (Prwg._corrected:

a b c
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Fig.3 Behavioral outcome (rat Iowa Gambling Task (rIGT) and
open-field test (OFT)) in function of the alcohol exposure week and
alcohol consumption. Aligned dot plots (mean=+SEM) showing the
weekly a mean ratio of rewards/pellets for the rat Iowa Gambling
Task (rIGT) measuring the decision-making and risk-taking, b the
mean total distance (in cm), and ¢ center distance/total distance ratio
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traveled during the 10 min OFT, over a period of 9 weeks of the inter-
mittent access of ethanol (IAE) animal model. The gray symbols cor-
respond to the same rats who reported a high alcohol consumption
and preference during the first IAE phase. “p <0.05 Dunn’s nonpara-
metric comparison for post hoc Friedman test
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Fig.4 Phosphodiesterase 10a (PDE10A) availability changes at
2 and 4 weeks of alcohol exposure, and during the relapse phase.
a Merged striatal PDE10A availability at the time points of control
(sham), alcohol exposure week 2, alcohol week 4, and relapse shows
the initial increase of PDE10A availability in alcohol week 2 and its
reversibility over alcohol week 4 and no increase at relapse condi-
tions. Additionally, an illustrative example of the volumes-of-interest
(VOI) map in Paxinos space is presented in Fig. 4a. b Brain sections

T statistic
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or cy

T Statistic

show overlays of T-maps at the voxel level on the striatal regions with
significantly increased PDE10A availability after 2 weeks of alco-
hol exposure, compared to sham. The intersection point is set to the
Paxinos coordinate peak max (p=2.5-10—-4) located in the left cau-
date-putamen (x=—4.4 mm, y=0.7 mm, z=4.6 mm). ¢ PDE10A
decreased in a cluster located in the bilateral caudate-putamen and
NuAc comparing 2 weeks and 4 weeks alcohol exposure as well as
2 weeks vs. 2 weeks relapse alcohol exposure
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Fig.5 PDEIOA binding in rats after 1 week of relapse compared
to the sham control group. Brain sections show overlays of 7T-maps
on the regions with significantly decreased PDE10A binding after
1 week of relapse, compared to the sham control group. The intersec-

0.02-0.003, Tpeak > 3.6, Fig. 4c; VOI-based: striatum: — 14%,
x*(2)=8.22, p=0.02; NuAc: -17%, y*(2)=8.67, p=0.01).

A similar regional decrease in PDE10A availabil-
ity towards normalization was observed after 2 weeks
of abstinence, extending to the lateral globus pallidum
(PrwE-corrected: 0-002-0.008, T}y, > 3.8, Fig. 4c; VOI-based:

tion point is set to the Paxinos coordinate located in the right globus
pallidum (x=3.0 mm, y=—0.9 mm, z=5.8 mm, p=0.001, 7=3.2).
Significant clusters are indicated using a 7-statistic color scale, which
shows significance at the voxel level

striatum: —17%, p=0.02; NuAc:-22%, p=0.01). After
1 week of relapse, VOI-based analysis confirmed this
PDE10A augmentation back to PDE10A binding at sham
condition in the striatum (p=0.19) and NuAc (p=0.14).
VOI- and voxel-based analyses showed that the decreased
PDEIOA availability in the lateral globus pallidum at week
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2 of alcohol exposure tends to further decrease at week 4
and relapse, extending to the bed nucleus of the stria termi-
nalis (Pheign < 0.005; mean decrease =-29 + 14% at Paxinos
coordinate: x=3.0, y=-0.9, z=5.8; VOI-based: p=0.004,
see Figs. 4 and 5).

The observed alcohol-induced striatal PDE10A changes
were not related to rIGT performances at any time point of
the alcohol model. It is nevertheless noteworthy that no sig-
nificant alcohol-related changes in risk-taking performances
were observed over time (see Fig. 3a). However, compar-
ing the percentage changes of the OFT locomotor activity
over the different alcohol phases with individual baseline
performances, our explorative correlation analyses revealed
negative correlations between PDE10A binding changes in
the NuAc at week 4 of alcohol exposure and during relapse
and decrease in OFT locomotor activity at the initial and
final phase of the alcohol model (alcohol week 1: r,= —0.7;
p=0.043; relapse period week 9: r,= —0.65; p=0.05).

Discussion

In the current preclinical study, we combined longitudinal
behavioral paradigms with longitudinal PDE10A micro PET
imaging, to directly evaluate in vivo changes of PDE10A
activity in rats during different stages of AUD, in combi-
nation with behavioral assessments such as anxiety and
decision-making. Overall, we found that 2 weeks of vol-
untary alcohol consumption induced a reversible increased
PDEI10OA enzymatic availability in the dorsal and ven-
tral striatum. At both week 4 of the alcohol exposure and
relapse, the striatal PDE10A decrease was related to alcohol
consumption and preference. Also, the rats who showed a
greater future alcohol intake corresponded to those rats with
an initial impaired decision-making and a lower locomotor
activity, possibly due to a more anxious state, during the
abstinence and relapse phase.

To induce alcohol consumption in our experimental
group of rats, we used the IAE model with a 2-bottle choice
paradigm, one of the most prominent and validated animal
models used in ethanol research nowadays [35, 37]. The
IAE model successfully induced an escalation in alcohol
consumption after the first weeks of alcohol administration,
following the threshold criteria of high ethanol consumption
(>4.5 g/kg/day) suggested by Carnicella et al. [43]. Moreo-
ver, after the 2 weeks of abstinence, the average alcohol
intake returned to the same level as before the period of
abstinence, suggesting that IAE paradigm induces adapta-
tions which are maintained after abstinence, in line with
previous findings [35, 43]. However, although half of the
group did not exploit high alcohol consumption during the
first intake phase, observing the progress of the individual
ethanol intake, a subgroup of rats clearly developed high
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alcohol consumption over time. So far, little is known about
the predisposing behavioral traits of high alcohol intake in
rats, except rats with higher impulsivity traits are known to
have a higher alcohol intake [44]. Noteworthy, in this study,
a low baseline rIGT performance, hence impaired initial
decision-making, is related to a higher alcohol consumption
over time. When looking at behavioral outcomes in function
of the alcohol exposure over time; 6 weeks of alcohol intake
had no effects on decision-making performances, while
on the other hand a decreased locomotor activity (hence
increased anxious behavior) was found starting from week
3 on, including the abstinence and relapse period.
Regarding alcohol consumption and PDE10A avail-
ability over time, our longitudinal ['*F]INJ42259152
PDEIOA imaging data showed that two weeks of volun-
tary alcohol consumption induced an increased PDE10A
enzymatic availability in the striatum. We also found that
this alcohol-induced PDE10A upregulation was reversible
upon a longer period of alcohol administration and was
mostly present in those rats that consumed a bigger amount
of alcohol. A similar regional decrease in PDE10A avail-
ability towards normalization was observed after one week
of relapse, extending to the lateral globus pallidum. These
findings are in line with previous PDE10A PET findings by
Tollefson et al. obtained in recently abstinent cocaine users
[45], where BPy, values were lower in the globus pallidus
in cocaine users relative to controls. The observed PDE10A
changes might be a result of alterations in dopamine neuro-
transmission and subsequent PDE10A modulation through
feedback on the cAMP/PKA pathway. PDEs can promote
alcohol intake through reduction of cyclic nucleotide activ-
ity [46]. Considering the limited distribution of PDE10A
to the striatal GABAergic MSNs, together with the role of
PDEI0OA in cAMP-PKA-DARPP-32 signaling cascade and
metabolism in the MSNs, several studies have demonstrated
arelation between abnormal striatal dopaminergic transmis-
sion characterizing neurodegenerative and neuropsychiat-
ric basal ganglia diseases and the loss of PDE10A enzyme
levels and expression [18, 21-23, 27]. Upregulated striatal
signaling, is PDE10A-regulated in processes controlling
reward-motivated behaviors and furthermore, incentive sali-
ence [47]. In the striatum, the increased dopamine release
upon alcohol exposure stimulates both the dopamine D1
and D2 receptor pathways in the postsynaptic density of
the MSNs resulting in increased (via D1) or decreased (D2)
cAMP levels. It is of central question whether our findings
are mostly a consequence of increased stimulation of the
direct D1 pathway, or via the opposite indirect D2 pathway
resulting in the activation of Go;,,, and cAMP inhibition.
Ooms et al. [16] observed increased PDE10A binding after
repeated D-amphetamine treatment, suggesting a potential
pharmacological interaction between PDE10A enzymes and
drugs modifying dopamine neurotransmission. This was
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suggested to be a compensation mechanism secondary to
alterations of cAMP levels being caused by increased D1
receptor stimulation over D2 stimulation. Here, we showed
that PDE10A availability in the striatum increases at the
first stage of alcohol exposure (week 2) and then gradually
decreases. Also, the striatal PDE10A decrease observed
between 4 and 2 weeks was mostly present in high alcohol-
preferring rats, compared to the low alcohol-preferring rats
(Supplemental Fig. 1). This might indicate a short-term neu-
ronal adaptation due to alcohol-induced increased dopamine
release, which results in increased stimulation of adenylyl
cyclase and thus increased cAMP levels. The MSNs react
to increased cAMP levels by up-regulating cyclic nucleotide
hydrolyzing enzymes. As a consequence, this leads to an
increased PDE10A enzymatic availability that subsequently
decreases cCAMP levels. Due to the long-term chronic alco-
hol effect, dopamine release decreases [48—51] leading to
less cAMP production and to a loss of PDE10A. Since we
did not observe an increased PDE10A availability during
the relapse phase after abstinence, this suggests neuroadap-
tational changes within specific neurocircuits take place in
a long-term fashion.

Preclinical studies suggested that pharmacological inhi-
bition of PDE10A activity with TP-10 dose-dependently
reduce alcohol self-administration in rats with stress history,
alcohol dependence, or genetic predisposition to high levels
of alcohol intake [30]. This action may result, at least par-
tially, from modulation of PDE10A activity in the dorsolat-
eral striatum (DLS), the region that showed a non-recovered
PDEI10A loss in our findings. Furthermore, systemic TP-10
administration significantly increased dopamine turnover in
the DLS and NuAc, with greater potency in the DLS [52].
Consistently, PDE10A inhibition reduces intake of highly
palatable high-fat diets in mice [53], supporting PDE10A is
involved in the motivational regulation of highly reinforcing
substances.

Our findings suggest that it may be a therapeutic target
of interest at the initial stage of AUD. Further research is
required to advance our understanding of these findings.
There is no increase in PDE10A signal after relapse and
therefore, we hypothesize an irreversible neuroadaptational
change has taken place due to the MSNs down-regulating
cyclic nucleotide hydrolyzing enzymes, such as PDE10A.
This provides further insight into the molecular mechanisms
that are at play in alcoholism and that are so crucial to be
fully understood in order to tackle alcoholism as a disease.

The negative emotional state that arises during acute
abstinence from alcohol exposure includes elevations in
anxiety-like behavior [54]. Previous studies showed that
PDE10A may mediate the relation between stress history
and elevated relapse risk [28]. Papaverine, a PDE10A
inhibitor, has been shown to reduce anxiety-like behav-
ior [55]. Stress history differentially increased PDE10A

expression in low versus high drinking rats, with greater
PDEIOA expression in the prefrontal cortex correlat-
ing with greater relapse-like alcohol intake, and greater
PDE10A expression in the basolateral amygdala correlat-
ing with increased alcohol preference ratios in rats [28].
In agreement with these findings, our results showed that
those rats with decreased locomotor activity over the first
initial alcohol and relapse phase and therefore, increased
anxiety levels, displayed reduced PDE10A changes dur-
ing both the protracted alcohol exposure (4 weeks) and
relapse. This indicates elevated PDE10A levels are associ-
ated with heightened anxiety-like behavior. On the other
hand, our correlation findings are pure exploratory and
need further validations. Also, anxiety is a complex col-
lection of behaviors and aspects that cannot be entirely
captured by a single test. Although it would be interesting
to confirm our findings using other testing, such as the
elevated plus maze (EPM) or the light/dark boxes (LDB).
Factor analyses revealed that similar anxiety- and locomo-
tion-related factors were produced by the three tests OFT,
EPM and LDB applied either separately or in combination
[56].

Our study was of exploratory nature, and we investigated
male rats. Evidence in humans highlights the importance
of a different brain physiology in AUD depending on sex,
as summarized in the review of Ceylan-Isik et al. [57].
Importantly, receptor density differences have been detected
between sexes in striatal D2 receptor density [58]. In the
future it would be interesting to examine a mixed, bigger
group to reveal any possible striatal PDE10A density dif-
ferences among sexes.

A limitation of our study is the small group size of ani-
mals used in this study. Increasing the number of animals
would help to improve characterization of the subgroups
divided by high and low alcohol consumption. Another
potential limitation is the lack of the pre-exposure baseline
PDEI10OA measurements, resulting in only limited informa-
tion on studying the dynamics of PDE10OA changes occur-
ring during exposure to alcohol. Nevertheless, a sham
control group scanned under the same conditions was used
to investigate the effect of chronic alcohol administration.
Moreover, although sham animals were not subjected to
behavioral tasks, limiting therefore the interpretability of
the current behavioral data, the validation of both OFT and
rIGT tests was obtained in a FDG PET sub-study (data not
shown). Finally, future research will be needed to correlate
our findings to the exact underlying molecular mechanisms,
for example by validating protein or RNA expression level
changes of PDE10A, as for example shown in the study by
Logrip et al. [29] which showed reduced mRNA PDE10A
expression in dorsal striatum during withdrawal. This would
also be very interesting in regard of cAMP/PKA pathway-
related targets.

@ Springer
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To our knowledge, this is the first PDE10A microPET
study investigating in vivo changes of PDE10A activity in
rats during different stages of AUD, in relation to apparent
risk factors for AUD such as decision-making and anxiety.
Our findings indicate that chronic alcohol consumption
induces a reversible increased PDE10A enzymatic avail-
ability in the striatum that is related to higher alcohol pref-
erence. Secondly, we showed that poor decision-making
(i.e. high risk-taking and gambling-prone behavior) may
be a predisposing factor for a higher vulnerability towards
alcohol abuse and AUD, and decreased locomotor activity
(i.e. increased anxiety) may be a consequence of chronic
alcohol use. Thus, PDE10A-mediated signaling plays an
important role in modulating the reinforcing effects of
alcohol, and the data suggest that PDE10A inhibition may
have beneficial behavioral effects on alcohol intake.
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