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ABSTRACT OF THE DISSERTATION
Isoforms, Clocks, and Acetylcholine: Regulation of Cocaine’s Effects
by Dopamine D2 Receptors
by
Robert Gary Lewis
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2022
Professor Emiliana Borrelli, Chair

Cocaine is a highly addictive stimulant which immensely raises dopamine levels in brain
areas controlling motor and reward functions. Dopamine signaling is controlled by the five
dopamine receptors (D1-D5) which are part of the G-protein coupled receptor superfamily. The
dopamine D2 receptor (D2R) plays a key role regulating cocaine’s effects. However, its study
has been difficult due to its ubiquitous expression throughout the brain using pharmacological
tools alone. Moreover, the presence of two D2R isoforms has further complicated the study of
this receptor. Using a combination of pharmacological and genetic approaches, we investigated
the isoform- and cell- specific roles of D2R in mediating the effects and consequences of cocaine
in mouse models. Here, we show that while both isoforms of D2R are sufficient in the control of
basal behaviors, under dopaminergic challenge the long D2R isoform (D2L) contributes largely
to post-synaptic heteroreceptor functions while the short D2R isoform (D2S) has a predominant
pre-synaptic autoreceptor function (Radl et al. 2018). Furthermore, we show that D2R signaling
in indirect pathway medium spiny neurons (iMSNs) has a major control of the circadian
transcriptome and metabolome in the nucleus accumbens through control of PPARY activation
(Brami-Cherrier et al. 2020). Relatedly, we show that D2R signaling in iMSNs contributes to the
synchrony of the liver metabolic clock (Cervantes et al. 2022). Lastly, by regulating the balance

of dopamine and acetylcholine in the striatum, D2R signaling in cholinergic interneurons (Chls),

underlies cocaine’s psychostimulating and rewarding effects (Lewis et al. 2020).
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INTRODUCTION

The Dopamine System

Dopaminergic projections to the striatum are critical for the control of psychostimulating
and rewarding properties of cocaine. Dorsal and ventral regions of this key integrating center have
collaborative roles in mediating cocaine’s effects. The ventral striatum, including the nucleus
accumbens (NAcc), is critically involved in incentive-based learning in addition to reward
processing and evaluation (Marche et al. 2017). Meanwhile, the dorsal striatum is critically
involved in action selection and initiation components of decision making and mediates feedback
properties such as valiance and magnitude in addition to controlling habitual behavior (Balleine et
al. 2007; Burton et al. 2015; Lipton et al. 2019).

Medium spiny neurons (MSNs) represent 90-95% of striatal neurons (Kemp and Powell
1971; Graveland and DiFiglia 1985) and are the striatum’s sole output neurons. MSNs outputs
generate two pathways: the direct pathway formed by dopamine D1 receptor (D1R) expressing
medium spiny neurons (dMSNs) and the indirect pathway by dopamine D2 receptor (D2R)
expressing medium spiny neurons (iMSNs). Coordinated dopamine signaling to dMSNs and
iMSNs within the striatum is critical for integrating and responding to rewarding stimuli.

The other 5-10% of striatal neurons are interneurons, which serve as intrastriatal regulators
of MSNs activity (Oorschot 2013). The majority of interneurons are inhibitory GABAergic
interneurons which modulate reward through their signaling to MSNs and expression of a variety
of modulatory peptides (Gittis et al. 2010). 1-2% of striatal neurons are formed by the tonically
active cholinergic interneurons (Chls) which, despite their low abundance, critically regulate

MSNs (Kharkwal et al. 2016a; Lewis et al. 2020). Indeed, activation of Chls has been linked to



the salience of events (Gittis and Kreitzer 2012). Thus, inter- and intra- striatal connections
modulate striatal circuits and play a critical role in reward processing.

Although our understanding of the specific actions of drugs on the reward system has
grown, it has simultaneously illuminated the complexity of mechanisms driving the transition from
recreational use to a use disorder. A general feature of drugs of abuse is the elevation of dopamine
levels in the brain which underlies their rewarding effects. With continued use in vulnerable
individuals, substance use disorders can develop (Swendsen and Moal 2011).

Cocaine is a psychostimulant whose primary mechanism of action is to block the dopamine
transporter, thereby preventing reuptake of this neuromodulator into presynaptic terminals from
dopaminergic afferents. As a result, areas that are innervated by dopaminergic neurons, such as
the striatum, become overstimulated. At the cellular level, cocaine alters neuronal plasticity,
leading to alterations of gene expression and the consequent modification of neuronal circuits

which underlies the characteristic behaviors of addiction.

Dopamine D2 Receptors

Dopamine is synthesized using tyrosine hydroxylase to convert tyrosine to L-DOPA which
is then converted into dopamine by DOPA decarboxylase (Meiser et al. 2013). When dopamine
neurons fire, dopamine is released into the synaptic cleft where it can then act on its associated
receptors. The five dopamine receptors are G protein coupled receptors which are subtyped based
on their linkage to stimulatory or inhibitory Gg subunits. Dopamine D1-Like receptors include
D1R and D5R while dopamine D2-like receptors include D2R, D3R, and D4R. Activation of D1-

like receptors leads to adenylyl activity which increases cAMP and downstream signaling cascades



(Beaulieu et al. 2015). Conversely, D2-like receptor activation decreases cAMP and downstream
signaling cascades by inhibiting adenylyl cyclase(Beaulieu et al. 2015).

D2R is a highly abundant dopamine receptor localized throughout the brain and is found
at pre- and post- synaptic sites (Anzalone et al. 2012). Presynaptic D2R serves as an autoreceptor
controlling the synthesis of dopamine through its control of tyrosine hydroxylase phosphorylation,
the active state of this enzyme. When dopamine levels in the synaptic cleft are high, presynaptic
D2R signaling decreases dopamine synthesis, allowing reduced dopamine release and increased
reuptake of dopamine through the dopamine transporter. In contrast, postsynaptic D2R serves as a
heteroreceptor which controls the release of heterogeneous neurotransmitters including GABA,
glutamate, and acetylcholine (Anzalone et al. 2012; Kharkwal et al. 2016a, b; Lewis et al. 2020;
Puighermanal et al. 2020). D2R is thought to have key role in compulsive behavior and addiction
as people with substance use disorders and obesity show lower binding availability in the striatum
(Volkow et al. 1997, 2011). Indeed, pharmacological blockade or genetic deletion of D2R shows
differential responses to cocaine which will be highlighted in this work.

Drd?2, the gene encoding D2R, generates two molecularly distinct isoforms known as D2L
(long) and D2S (short). D2L differs from D2S by an additional 29 amino acids located in the third
intracellular loop of the receptor. The region is critical as it interacts with signal transduction
proteins. Thus, it was suggested and confirmed that D2L and D2S interact and regulate different
proteins and signal transduction pathways. Both isoforms are expressed in all cell types in a ratio
favoring the D2L isoform (Montmayeur et al. 1991). However, the pre- or post-synaptic
localization of the D2R isoforms has been thought to determine which version of this receptor has

predominant function in regulating cellular activity.



Dopaminergic control of Circadian Clocks

Rhythmic control of an organism’s behavior is a critical part of adapting and anticipating
environmental changes in light, temperature, and resources. Though time keeping mechanisms are
more complex and developed in mammals, diurnal control is conserved throughout nature (Edgar
et al. 2012). In mammals, the suprachiasmatic nucleus (SCN) organizes behavior and its correlated
cellular activity through hormone and neurotransmitter release, in a 24-hour cycle based on daily
light and dark phases (Dunlap 1999).

Dopamine levels rise in the active phase and fall in the resting phase of the day (Smith et
al. 1992; Hood et al. 2010; Ferris et al. 2014), as does its precursor and metabolites (Paulson and
Robinson 1996; Castaiieda et al. 2004). Rhythmic expression of clock genes including Clock, Rev-
ERBa, Per, Npas2 and Bmall are involved in dopamine metabolism (McClung et al. 2005; Chung
et al. 2014). Indeed, Clock and Rev-ERBa negatively regulate the expression of tyrosine
hydroxylase. Levels of TH increase during the active phase, which is opposite to that of Clock and
Rev-ERBa, loss of either circadian gene results in disrupted rhythmic TH expression (McClung et
al. 2005; Chung et al. 2014).

Dopamine’s influence on the SCN was inferred by expression of both D1R and D5R on its
neurons (Weiner et al. 1990; Rivkees and Lachowicz 1997; Doyle et al. 2002). In neonatal
hamsters, light pulses mirror the effects of D1R agonists suggesting that the maternal levels of DA
correspond to the active phase in the fetal SCN (Viswanathan and Davis 1997). Dopamine has
been reported to play a critical role in entraining fetal development through the SCN and that after
this period, the SCN’s responsiveness to dopamine declines (Weaver and Reppert 1995; Mendoza

and Challet 2014). Nevertheless, DIR activation in the SCN shifts the phase of circadian rhythms



and a direct connection between the ventral tegmental area (VTA) and the SCN has been described
(Grippo and Giiler 2019). Furthermore, D2R seems to be required for the light-induced suppression
of locomotor activity (masking), whereas other visual or nonvisual photic responses seem to be
D2R independent (Doi et al. 2006). Thus, the daily fluctuation in VTA dopamine neuron activity

has a substantial role in SCN entrainment and other circadian activities.

Cholinergic Interneurons

Striatal cholinergic interneurons (Chls) represent 1-2% of striatal neurons but have a
significant role in regulating striatal output (Oorschot 2013). The influence of Chl activity on the
overall regulation of striatal circuitries has been difficult to assess due to their low abundance.
Dopamine inhibits Chls’ activity through D2R with consequent lowering of striatal ACh levels
(Pisani et al. 2000; Oldenburg and Ding 2011; Kharkwal et al. 2016a). By lowering ACh levels
D2R indirectly controls MSNs activity through activation of muscarinic M4 and M1 receptors
located on dMSNs and iMSNs, respectively (Shen et al. 2007; Jeon et al. 2010; Threlfell et al.
2010; Mamaligas and Ford 2016; Moehle et al. 2017). At the same time, ACh acts on nicotinic
and muscarinic receptors found on striatal dopaminergic inputs as well as on cortical inputs.
Previous studies examining mice with a deletion of D2R in Chls (ChI-D2RKO mice) found that
while motor behavior in basal conditions was unaffected, these mice were resistant to haloperidol
induced catalepsy (Kharkwal et al. 2016a) due to dysregulated acetylcholine release. Thus,
dopamine mediated control of Chls activity and the balance of DA/ACh in the striatum is pivotal
in regulating striatal circuits and has implications in responding to the motor and rewarding effects

of drugs of abuse, like cocaine.



Chapter 2: Differential regulation of striatal motor behavior and related cellular responses
by dopamine D2L and D2S isoforms
Abstract

The dopamine D2 receptor (D2R) is a major component of the dopamine system. D2R-
mediated signaling in dopamine neurons is involved in the presynaptic regulation of dopamine
levels. Postsynaptically, i.e., in striatal neurons, D2R signaling controls complex functions such
as motor activity through regulation of cell firing and heterologous neurotransmitter release. The
presence of two isoforms, D2L and D2S, which are generated by a mechanism of alternative
splicing of the Drd2 gene, raises the question of whether both isoforms may equally control pre-
and post-synaptic events. Here, we addressed this question by comparing behavioral and cellular
responses of mice with the selective ablation of either D2L or D2S isoform. We establish that the
presence of either D2L or D2S can support postsynaptic functions related to the control of motor
activity in basal conditions. On the contrary, absence of D2S but not D2L prevents the inhibition
of tyrosine hydroxylase (TH) phosphorylation and thereby of dopamine synthesis, supporting a
major presynaptic role for D2S. Interestingly, boosting dopamine signaling in the striatum by acute
cocaine administration reveals that absence of D2L, but not of D2S, strongly impairs the motor
and cellular response to the drug, in a manner similar to the ablation of both isoforms. These results
suggest that when the dopamine system is challenged, D2L signaling is required for the control of
striatal circuits regulating motor activity. Thus, our findings show that D2L and D2S share similar

functions in basal conditions but not in response to stimulation of the dopamine system.



Significance Statement

Dopamine signaling modulates important physiological functions such as reward and
motor activity through activation of five different receptors. Dopamine D2 receptors (D2R) are
critical in the control of motor behavior. D2Rs are composed of long (D2L) and a short (D2S)
isoforms, expressed both in dopamine neurons as well as in cells receiving dopaminergic afferents.
Such diversity questions their individual contribution to pre-and post-synaptic events. Using
isoform-specific knockout mice, we report that while either isoform can mediate the control of
basal behaviors, upon pharmacological stimulation of the dopaminergic system, isoform specific
functions are observed at the behavioral and cellular levels. Therapeutic strategies targeting
specific D2R isoforms may present treatment for ailments caused by the activation or blockade of

both isoforms.



Introduction

The dopamine (DA) D2 receptor (D2R) is a key element of the dopaminergic system. D2Rs
have critical presynaptic autoreceptor functions in dopaminergic neurons that enable a finely
tuned control of DA synthesis and release (Rouge-Pont et al. 2002; Schmitz et al. 2002; Bello et
al. 2011; Anzalone et al. 2012). Postsynaptically, D2Rs control the signaling and firing properties
of neurons receiving DA afferents and, acting as heteroreceptors, regulate the release of
heterogeneous neurotransmitters (DeBoer and Abercrombie 1996; Centonze et al. 2002, 2003;
Rice et al. 2011).

D2Rs are composed by two almost identical isoforms, D2L (long) and D2S (short),
generated by alternative splicing of the Drd?2 gene. The search for cells expressing only one of the
isoforms failed, and indeed at the mRNA level, the two isoforms are both present in each location
expressing D2R (Montmayeur et al. 1991). D2L differs from D2S by the insertion of 29 amino
acids in the third intracellular loop of the putative conformation of seven transmembrane domain
G-protein coupled receptors family. This region is the site of the receptor’s interaction with signal
transduction proteins; thus, suggesting that D2L and D2S might interact and regulate different
proteins and signaling pathways. In agreement with this hypothesis, we found that in the pituitary
D2L-mediated signaling inhibits the AKT pathway, while D2S is instead required for the
activation of the ERK pathway (Iaccarino et al. 2002; Radl et al. 2013). In addition, studies
performed in cell culture suggested that D21 and D2S might be segregated in different neuronal
compartments and therefore differentially respond to DA stimulation(Tirotta et al. 2008).

In the striatum, in vivo studies performed using mice lacking D2L (D2L-/-) (Usiello et al.
2000), showed that this isoform is required for the cataleptic effect of haloperidol, the prototype

of typical antipsychotics, as well as for the inhibition of the AKT pathway (Beaulieu et al. 2007).



These findings together with an intact control of DA synthesis and release in D2L-/- mice, led us
to propose that in vivo D2S might have a preponderant presynaptic role in DA neurons, while D2L
might have postsynaptic functions (De Mei et al. 2009). However, using viral-mediated re-
expression of D2L or D2S in dopaminergic neurons of D2R-/- mice, it was proposed that D2S
could not operate as the exclusive autoreceptor since it was insufficient to account for drug-induced
plasticity in these neurons (Gantz et al. 2015).

Thus, the question of whether endogenous D2S has equal or different functions than D2L
in vivo is yet to be directly explored. Using mice with the selective deletion of individual D2R
isoforms, we have been able to study the behavioral and cellular characteristics of D2L-/- with that
of D2S -/- mice as compared to WT littermates. We characterized the impact of loss of either D2
isoforms on motor behavior under basal conditions and in response to pharmacological challenge
with D2 agonists and antagonists. Interestingly, in striking contrast with the strong impairment of
motor activity observed in the absence of D2R signaling either in the constitutive (Baik et al. 1995)
or striatal medium spiny neurons (MSNs)-specific knockout (Anzalone et al. 2012), each of the
D2 isoform mutants does not differ from WT littermates under basal conditions. These results
indicate that the presence of either D2L or D2S is sufficient to guarantee the control of striatal
neurons and normal behavior. This observation suggests also that the two isoforms can compensate
for each other in MSNs and possibly other D2R expressing neurons. However, upon
pharmacological stimulation either by D2 specific ligands or by cocaine, we observed different
responses between isoform specific mutants and a strong degree of specialization in the response

of each isoform to pre- and post-synaptic functions.



Therapeutics targeting a selective isoform might constitute an effective strategy to treat
D2L- or D2S-specific alterations and alleviate side effects due to activation/blockade of both

isoforms.

Results

Absence of D2S does not affect D2L expression and number of sites in the striatum.

D2S-/- mice were generated by removal of the exon 6 and flanking introns and replacement
of this region with a fragment of the D2L cDNA (Radl et al. 2013). To assess whether the absence
of D2S would affect D2L expression in the striatum, we performed RT-PCR analyses of striatal
mRNAs. Analyses of PCR products show the presence of bands corresponding to both D2R
isoforms in WT striata, while the selective expression of either only D2L (245 base pairs (bp)
band) or of only D2S (158 bp) was observed in samples from D2S-/- and D2L-/- striata,
respectively (Fig. 1A). Quantification by qRT-PCR of the overall expression levels of the Drd?2
gene in the striatum of WT, D2S-/- and D2L-/- mice showed similar levels of D2R mRNA
expression in all genotypes (Fig. 1B). To get information at the protein level, we analyzed the
pharmacological characteristics of the D2 binding sites in D2S-/- striatal extracts using *H-
spiperone; also at this level D2S-/- did not differ from their WT littermates (Fig. 1C). These results
indicate that in D2S-/- mice there is a complete transition from the expression of the two isoforms
into a single one, in this case D2L, maintaining however intact the total number of D2 binding

sites as in WT striata (Fig. 1C), as also previously reported in D2L-/- mice (Usiello et al. 2000).
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The basal motor activity of D2S-/- does not differ from that of D2L-/- or of WT littermates

In the striatum, D2Rs are expressed by the medium spiny neurons that form the indirect
pathway (iMSNs) (Delle Donne et al. 1997). We have shown that D2R-mediated signaling in
iIMSNss is essential in the control of motor behavior, as demonstrated by analyses performed using
conditional iIMSN-D2RKO mice (Anzalone et al. 2012) that perfectly recapitulate the motor
phenotype of the constitutive D2R-/- mutants (Baik et al. 1995). In agreement with the importance
of D2R signaling in iMSNs for motor activity, D2R ablation either in dopaminergic neurons (DA-
D2RKO mice) (Anzalone et al. 2012) or in striatal cholinergic interneurons (ChI-D2RKO mice)
(Kharkwal et al. 2016a) does not affect the basal locomotor activity. Importantly, absence of D2L
in D2L-/- mice did not result into motor abnormalities in basal conditions (Usiello et al. 2000;
Wang et al. 2000). To assess whether D2S is principally involved in the control of motor behavior,
we analyzed and compared the forward locomotion of D2S-/- mice in a novel home cage (NHC)
to that of D2L-/- mice and WT littermates. Interestingly, these analyses show that absence of D2S
in mice does not affect basal locomotor activity; indeed, D2S-/- mice behaved similarly to WT and
D2L-/- mice (Fe, 25=1.583; p=0.2253) (Fig. 2A). The analysis of stereotypies (rearing and
grooming) in the three groups also suggests that the removal of either D2L or D2S does not affect
these behaviors (Fig. 2B) (grooming: F(2, 26=0.78 p=0.46; rearing: F(2, 28=0.018 p=0.98). In
addition, forward locomotion either during the light/dark cycle (Fig. 2C) (time x genotype: F,
22y=0.22, p=0.8) or in the open field (Fig. 2D) (F(2, 27=1.102, p=0.34) does not differ between WT
and D2S-/- or D2L-/- mice.

These results show that D2S-/- mice perform as WT littermates indicating that, in contrast
to D2R-/- or iMSN-D2RKO mice, the presence of either D2L or D2S is sufficient to maintain a

normal control of motor activity.
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Absence of D2S affects D2 autoreceptor-mediated functions

Next, we analyzed the presynaptic versus postsynaptic functions of the D2 isoforms in
response to pharmacological stimulations. The administration of low doses of quinpirole (a
specific D2R agonist) activates D2 autoreceptors in DA neurons reducing DA release and
consequently motor activity (Usiello et al. 2000). Thus, we performed a dose-response analysis of
quinpirole and analyzed the effects on forward locomotion comparing D2S-/-, D2L-/- and their
WT littermates. Mice of the three genotypes were administered (i.p.) quinpirole at 0.02, 0.04, 0.08
and 0.2 mg/kg (Fig. 3A). Interestingly, the results of these experiments revealed a statistically
significant difference in the effects elicited by quinpirole in D2S-/- as compared to WT and D2L-
/- mice (Fig. 3A) (genotype x treatment: Fs, 136=2.508 p<0.01; genotype: F2, 136=10.81 p<0.0001;
treatment: F @, 136= 64.35 p<0.0001). The most relevant difference was observed at the lowest
dose (0.02 mg/kg) tested. At this dose quinpirole was ineffective in decreasing motor activity in
D2S-/- mice while it did in the other genotypes. The different responses of D2S-/- mice as
compared to WT and D2L-/- mice at low concentration of quinpirole support previous conclusions
of a specific role of D2S as presynaptic receptor in DA neurons (Usiello et al. 2000).

To further assess this point, we tested the level of phosphorylation of tyrosine hydroxylase
(TH) in D2 mutants and their WT siblings (Fig. 3B). TH is the rate-limiting enzyme in DA
synthesis; its activity is regulated by activation of the cAMP/PKA pathway through
phosphorylation of the serine 40 (Ser40) (Lindgren et al. 2001). Activation of D2Rs inhibits the
cAMP pathway and reduces Ser40 phosphorylation (Anzalone et al. 2012). Thus, Ser40 TH
phosphorylation (p-TH) was analyzed in D2S-/-, D2L-/- and WT littermates at the lowest and

highest dose of quinpirole used (0.02 and 0.2 mg/kg) in behavioral studies. Mice of the three
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genotypes were administered either quinpirole or saline and euthanized 30 min later. Striatal tissue
punches were obtained from the dorsal striatum (DS). While efficiently decreasing TH
phosphorylation in WT and D2L-/- mice, our analyses showed that quinpirole at both doses were
unable to elicit a decrease in TH phosphorylation in D2S-/- mice (Fig. 3B) (DS, genotype x
treatment: F, 28=2.589; p=0.0584). Similar results were obtained analyzing tissue punches from
the ventral striatum (VS) (Fig. S1) (genotype x treatment: F, 20=3.603; p=0.0167).

These results indicate that the presynaptic effect of D2R on DA synthesis in dopaminergic
neurons is mostly exerted by D2S. Postsynaptic effects might explain the similar motor response

of D2S-/- mice to the other genotypes at higher quinpirole concentrations (Fig. 3A).

The D2R-mediated postsynaptic signaling in striatal neurons primarily requires D2L
Administration of haloperidol, a D2R antagonist, reduces mouse locomotor activity in a
dose-dependent manner and leads to catalepsy or inability to perform voluntary movements. We
tested haloperidol effects on both parameters by analyzing motor activity in a NHC for 1 hr and
subsequently the mice performance in the bar test. The results of these tests showed that while
motor activity was similarly impaired by haloperidol in all genotypes (treatment: F(2, 91y=92.71,
p<0.0001; genotype: F(2,91y=1.057, p=0.3517) (Fig. 3C), catalepsy was only observed in WT and
D2S-/- mice, but not in D2L-/- mice (genotype x treatment: F,34=14.45, p<0.0001), as previously
reported (Usiello et al. 2000) (Fig. 3D). Thus, absence of D2S does not affect the response to

haloperidol, further confirming the significant postsynaptic role of D2L in striatal neurons.
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Heterosynaptic role of D2L in cocaine-evoked motor activity

We and others have recently reported a critical role of iMSNs in the psychomotor response
to cocaine (Dobbs et al. 2016; Kharkwal et al. 2016b). Indeed, absence of D2R in iMSNs abolishes
the cocaine-dependent induction of both motor activity and the immediate early gene (c-fos)
expression in the MSNs of the direct pathway expressing D1R (dMSNs). Thus, stimulation of D2R
enables dMSNs mediated responses to cocaine. D2R in striatal neurons has a heterosynaptic role
that governs the release of heterogeneous neurotransmitters such as GABA from iMSNs (Centonze
et al. 2004). Previous experiments showed that the cocaine phenotype of iIMSN-D2RKO mice
could be reversed by intrastriatal injections of bicuculline, a GABAA receptor antagonist,
suggesting a heterosynaptic role of D2R in iMSNss.

To gain further insight into the respective role of the D2R isoforms as heteroreceptors, we
investigated the impact of absence of D2S or D2L signaling on cocaine-mediated behavioral and
cellular responses. Upon habituation to a NHC, WT, D2S-/- and D2L-/- mice were administered
either saline or cocaine (10 mg/kg and 20 mg/kg) and their locomotion recorded for the following
hour. Interestingly, while WT and D2S-/- mice showed a similar significant motor response to
cocaine, D2L-/- mice did not (genotype x treatment: F4, 78y=2.93, p=0.02; treatment: F(2, 78)=32.62,
p<0.0001; genotype: F, 78=7.99, p<0.001) (Fig. 4A) These results show that absence of D2L
strongly impairs the response to cocaine, indicating a preponderant role of D2L in enabling the
dMSNs-mediated motor response to the drug.

Analyses of cocaine (20 mg/kg)-mediated c-fos induction in WT, D2S-/- and D2L-/- mice
showed the expected c-fos expression in dMSNs in WT and D2S-/- mice, but not in D2L-/- mice
(genotype x treatment: F2, 14=8.99, p=0.003) (Fig 4B), suggesting a critical role of the D2L

isoform as heterosynaptic receptors in iMSNSs.
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Bicuculline reestablishes the motor and cellular response to cocaine of D2L-/- mice
Intrastriatal injection of bicuculline, a GABAA receptor antagonist, is able to restore
cocaine mediated c-fos induction in iMSN-D2RKO mice to WT levels. Accordingly, we tested
whether a similar effect would also be obtained in the striatum of bicuculline injected D2L-/- mice.
For this purpose, cannulas were implanted in the DS of D2L-/- and WT littermates, followed one
week later by the administration of either saline or bicuculline (0.01ng/0.3ul/side). Cocaine was
given systemically 5 min after bicuculline or saline administration. Brains were collected 1 hr after
cocaine and c-fos induction quantified by immunofluorescence analyses. Bicuculline alone did not
induce c-fos expression in either genotype (Fig. 5A). Importantly, when administered before
cocaine, bicuculline fully restored c-fos induction in the dMSNs of D2L-/- mice to WT levels (Fig.
5B), as compared to D2L-/- only treated with cocaine (genotype x treatment: F 3, 21) = 7.894;
p=0.001) (Fig. 5B). These results support a heterosynaptic role of D2L in the control of cocaine-

mediated effects.
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Discussion

The presence of two almost identical receptors for D2R, D2L and D2S, which differ only
in the presence of an additional small stretch of 29 amino acids in D2L, has generated interest in
unraveling the biological significance of such diversity in vivo. Studies performed in cultured cells
have shown that both isoforms have similar affinity for dopamine and canonical signaling
pathways (De Mei et al. 2009). To analyze the role and properties of the D2 isoforms in vivo, we
have generated D2L and D2S isoform-specific mutants, either by removing exon 6 (D2L-/-
mice;(Usiello et al. 2000)) or by replacing the genomic sequence containing exon 5, 6 and 7 with
the cDNA of the corresponding region of D2L (D2S-/- mice; (Radl et al. 2013)). D2L-/- and D2S-
/- mice express a similar number of D2 receptors binding sites as WT mice, although formed by
only one isoform instead than two. Studies performed in the pituitary gland of D2L-/- and D2S-/-
mice, showed that D2L and D2S signaling differentially affects the ERK and AKT pathways (Radl
et al. 2013). These results suggest that in vivo D2L and D2S might play different roles in the
striatum, where D2Rs are largely expressed by iMSNs (Delle Donne et al. 1997) and cholinergic
interneurons (Kharkwal et al. 2016a). Absence of striatal D2R affects motor outputs (Anzalone et
al. 2012; Dobbs et al. 2016; Kharkwal et al. 2016b), though we found that the presence either D2L
or D28 is sufficient to insure a normal basal motor activity. This experimental evidence indicates
that D2L and D2S share common basal signaling essential to various critical functions, however
the presence of compensatory mechanisms in each of the isoform-specific knockout animals
cannot be excluded.

Nevertheless, compensatory mechanisms seem less likely as the response of the two
mutants is different when either receptor is challenged by D2 specific drugs. Indeed, when D2L-

/- and D2S-/- mice are challenged with D2 specific agonists or antagonists, we observed some
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relevant differences. Administration of quinpirole, a D2-specific agonist, at low doses induces a
decrease of motor activity. This effect depends on activation of presynaptic dopamine
autoreceptors and the consequent reduction of DA release and activation of postsynaptic receptors.
Interestingly, the lowest dose of quinpirole in D2S-/- mice was totally ineffective in reducing
motor activity as compared to the effect in WT and D2L-/- mice. These results suggest that
autoreceptors functions are compromised by absence of D2S. In support of this conclusion, we
observed that the D2-mediated inhibition of TH phosphorylation on Ser40 is prevented by absence
of D2S in quinpirole treated D2S-/-, but not in WT or D2L-/- mice. Interestingly, TH
phosphorylation in D2S-/- mice was not inhibited even at quinpirole concentrations that induced a
reduction of motor activity in mice of all genotypes by acting on postsynaptic receptors. These
results strongly support the view that D2S has major presynaptic functions as compared to D2L.
In contrast, absence of D2S does not interfere with haloperidol-induced catalepsy. Indeed, by
difference with D2L-/- mice (Fig. 3D) (Usiello et al. 2000), D2S-/- and WT mice showed a dose-
dependent cataleptic response to haloperidol.

The different responses of D2L-/- and D2S-/- mice to quinpirole or haloperidol raise the
questions of whether differences arise from the higher affinity for either D2L or D2S of these drugs
or from unique isoform-mediated signaling in specific cell-types upon pharmacological challenge.
Although we cannot exclude slight pharmacological differences of either D2S or D2L for D2
ligands, as previously observed using cell lines (Castro and Strange 1993), we are more in favor
the second hypothesis. Indeed, despite the slight difference on motor behavior between D2S and
D2L mutants at low quinpirole concentration, a clear D2S-mediated cell-specific effect on the

inhibition of TH phosphorylation is observed at any dose tested. Haloperidol, while similarly
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affecting horizontal locomotion, is not able to induce catalepsy in D2L-/- mice, suggesting similar
affinity for both isoforms.

Interestingly, we have recently shown that absence of D2R-mediated control of cholinergic
interneurons abolishes haloperidol-induced catalepsy through a mechanism involving
acetylcholine stimulation of iMSNs (Kharkwal et al. 2016a). Thus suggesting that the haloperidol
effect is due to the absence of D2L signaling, which either plays a critical role in the regulation of
acetylcholine in cholinergic interneurons or in the control of iMSNs responses or in both. Future
studies should be aimed at generating mouse lines with a striatal cell-specific deletion of D2L to
assess these possibilities.

Importantly, the response to acute cocaine challenges of D2S-/- and D2L-/- mice with
respect to WT animals was also different. Indeed, while D2S-/- mice showed a dose-dependent
increase of motor activity in response to cocaine (paralleling WT mice), D2L-/- mice did not.
Interestingly, also c-fos induction by cocaine was absent in D2L-/- as compared to D2S-/- and WT
littermates. The blunted response to cocaine of D2L-/- mice is reminiscent of that of D2RKO and
iIMSN-D2RKO mice (Welter et al. 2007; Kharkwal et al. 2016b) and suggests that absence of D2L
in iMSNs might be responsible for it. This suggestion is supported by the rescue of the motor and
cellular responses to cocaine induced by the intracellular injection of bicuculline, as previously
shown in D2RKO and iMSN-D2RKO mice (Kharkwal et al. 2016b). In conclusion, our findings
assign to D2L a critical role in the response to drugs of abuse (possibly mediated by absence of
D2L signaling in iMSNs). Therefore, the analysis of D2 isoform-specific knockout mice (see
scheme in Fig. 5C) shows a clear impact of D2S as presynaptic autoreceptor on dopaminergic
neurons. Conversely, D2L appears to possess postsynaptic functions responsible for the regulation

of striatal acetylcholine and activity of iMSNss.
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Materials and Methods

Mice: The D2S-/- mouse line was generated by a knock-in strategy aimed at preventing alternative
splicing of exon 6, through replacement of the Drd2 genomic region containing part of exon 5,
exon 6 and part of exon 7 with the corresponding cDNA of D2L; thus, allowing the synthesis of
only D2L in vivo (27). The D2L-/- mouse line was generated by the replacement of exon 6 with a
neomycin cassette, thus generating mice expressing only D2S (13). 8-12 week old D2L-/- (13),
D2S-/- (11) and WT littermates were used. Mice were maintained in standard conditions (12 hr
light/dark cycle) with food and water ad libitum. For genotyping D2S-/-, D2L-/- and WT
littermates, genomic DNA was extracted from tail biopsies and analyzed by PCR, as previously
described (11). All protocols were approved by the Institutional Animal Care and Use Committee

in accordance with the NIH guidelines.

Drugs: Quinpirole (Sigma), cocaine hydrochloride (Sigma) and bicuculline methiodide (Fluka)
were dissolved in saline (0.9% NaCl). Haloperidol (Sigma) was dissolved in a drop of glacial

acetic acid; pH was adjusted to 6 and the solution brought to volume with saline (13).

RNA extraction and PCR: Total RNA was extracted from the striatum using TRIzol (Invitrogen).
1ng of total RNA was retro-transcribed using the iScript cDNA Synthesis kit (Bio-Rad). qRT-PCR
were performed on striatal cDNAs to quantify D2R expression using the iQ SYBR Green
Supermix (BIO-RAD) and the CFX96 Real-Time System (Bio-Rad). GAPDH was used as internal
control. The following primers were used: D2R forward (5’-AGTGGCCCCACTGCCCCAAT-3’)

and  reverse (5’>-TCCAGATAGACGACCCAGGGC-3%); GAPDH forward  (5°-
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AGGTCGGTGTGAACGGATTTG-3’) and reverse (5’-TGTAGACCATGTAGTTGAGGTCA-
3’). qRT-PCR were run for 40 cycles, 10 seconds at 95°C followed by 30 sec at 60°C.

We also performed RT-PCR followed by analyses of the PCR products on 2% agarose gel
(Fig.1A). PCR buffer contained 4 mM MgClz, 0.2 mM of each ANTP 2 pl Taq DNA polymerase
(1U/C1) and 0.8 uM of the following primers: D2R forward (exon 5), 5’-
CCTTCATCGTCACCCTGCTGG-3’ and reverse (exon 7), 5’-CTCCATTTCCAGCTCCTGAG-
3’. Cycles were: 94°C for 3 min, and 40 cycles of 40 sec at 94°C, 40 sec at 57°C and 1 min at 72

°C, with a final extension period of 10 min at 72 °C.

Binding analyses: Striatal membranes and ligand binding analyses for D2S-/- and WT mice were
performed as previously described (13, 17). 20 ug of membrane extracts per sample were used in
binding assays using *H-Spiperone (84.8 Ci/mmol, Perkin Elmer) at concentrations ranging from
0.01 to 0.6 nM; non-specific binding was determined in the presence of 1.3 uM (£) butaclamol.
Binding assays were performed in triplicates and repeated three times. Results were analyzed with

GraphPad Prism 6.

Behavioral analyses: To analyze motor behavior, mice were handled (5 min/day) for 2 days and
basal locomotor activity in the new home cage (NHC, 20 x 30 cm transparent plastic box, 1 hr) or
open field (white square box, 30 x 30 cm; 70 lux, 30 min) was recorded using a video-tracking
system (Viewpoint, Lyon France). Rearing and grooming were measured in NHC and scored for
60 sec every 10 min for 1 hr period. Activity during 24 hr was measured in an actimetric rack
(individual cages 10 x 20 cm, Viewpoint, Lyon France). The effect of quinpirole (0.02 to 0.2

mg/kg, 1.p.) and haloperidol (0.1 to 0.25 mg/kg, i.p.) on locomotor activity was measured for 30
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min or 1 hr respectively in the NHC. Cocaine effect was tested for 1 hr, after 2 hr habituation to
the NHC.

Bar test: The bar test was performed as previously described (2), 1 hr after haloperidol
administration. The time spent immobile (cutoff 120 sec.) was measured during 3 consecutive

trials (13, 28). The average of the three trials was used for the statistical analyses.

Western Blot analyses: Mice were sacrificed 30 min after saline or quinpirole (0.02 and 0.2
mg/kg) administration and processed as previously described (2). Protein content was determined
using the BCA kit (Thermo). 30 pg of extracts were loaded onto 10% SDS-PAGE and transferred
to nitrocellulose membranes (Biorad). Antibodies directed against phosphorylated TH-Ser40
(1/1000 Millipore) followed by the appropriate secondary antibodies were used. Bands were
revealed using the ECL Plus reagent (Millipore). Actin was used as control of loaded quantities
(anti-actin antibody 1/5000; Millipore). Quantifications were done using ImagelJ (version 1.42q)
software. The value of the pTH/actin ratio obtained in WT saline treated mice was arbitrarily set

to 1.

Immunofluorescence: Mice were anesthetized with Euthasol and transcardially perfused with 4%
PFA. 30 um vibratome coronal striatal sections were used for immunofluorescence experiments to
detect c-fos induction by cocaine. Tissue sections were washed 3 times in PBS, permeabilized for
15 min in PBS with 0.5% Triton X-100, incubated in PBS with 5% horse serum (HS) for 1 hr at
room temperature followed by incubations using c-fos antibody (1/2000, Santa Cruz) in PBS 1%
HS over night at 4°C. Sections were rinsed 3 times in PBS for 10 min. Secondary antibodies were

incubated for 1 hr in PBS 1% HS. c-fos positive neurons were quantified in the DS in 387.5 x
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387.5 um regions of interest from 3-4 mice/treatment/genotype.

Statistical Analyses: All values are mean + SEM. Statistical analyses were made using GraphPad
Prism 6 (La Jolla California USA). Data were analyzed by Two-way ANOVA followed by
Bonferroni’s post-hoc or Student’s t-test, as appropriate; p<0.05 was considered statistically

significant.
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Figure Legends
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Figure 1. Characterization of D2S-/- mice. A) RT-PCR analyses of D2R expression in striatal
mRNAs from WT, D2S—/— and D2L—/— mice. The upper band (245 bp) corresponds to D2L
whereas the lower (158 bp) to D28, as indicated by arrows. B) qRT-PCR based quantifications of
D2R expression in striatal extracts of WT, D2S—/—, and D2L—/— mice, using primers common to
both isoforms (exon 2), using GAPDH as control. Bars are mean + SEM of D2R/GAPDH ratios
(n=4/genotype). C) Saturation isotherm analyses for binding of the D2R antagonist [3H]-
Spiperone to striatal membranes from WT (©) (Bmax = 720 £ 85 fmol/mg protein; Kd =30 + 2
pM) and D2S-/- mice (9) (Bmax = 600 + 67 fmol/mg protein; Kd = 28 + 1 pM)(n=3/genotype).
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Figure 2. Basal motor activity is unaffected by deletion of either D2L or D2S. A) Scatter plot
representation of WT, D2S-/- and D2L-/- motor activity during 1 hr in NHC (n=9-10/genotype)
(F2,25=1.583; p=0.2253). B) Quantification of grooming or rearing activity during 1 hr in NHC
(n=9-13/genotype) (F, 26=0.78 p=0.46; and F(2, 28y=0.018 p=0.98 for grooming and rearing,
respectively). C) Motor activity in actimetric cages during the dark/light cycle (n=6-14/genotype)
(F2, 22=0.22, p=0.8). D) Scatter plot representation of motor activity in the open field of WT,
D2L-/- and D2S-/- mice during 30 min (n=8-13/genotype) (F. 27=1.102, p=0.34). Values are
mean + SEM.
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Figure 3. Locomotor activity induced by quinpirole and haloperidol. A) Quinpirole effect on
locomotor activity in WT, D2S-/- and D2L-/- mice (genotype: F2, 136=10.81 p<0.0001) **p<0.01,
*#%p<0.001 vs saline treated mice. B) Quantifications of western blot analyses of TH
phosphorylation on Ser40 in protein extracts from the DS of WT, D2S-/- and D2L-/- mice injected
with saline or 0.02 and 0.2 mg/kg of quinpirole. Two-way ANOVA, genotype x treatment: F4, 25)
=2.589; p=0.0584, n=3-5 samples/treatment/genotype. *p<0.05, **p<0.01, vs saline treated mice.
C) Motor activity recorded for 1 hr in NHC of WT, D2S-/- and D2L-/- mice injected with either
saline or haloperidol (0.1, 0.25 mg/kg). Two-way ANOVA, treatment: F, 91y=92.71, p<0.0001;
genotype: Fe, on= 1.057, p=0.3517, n=7-16. *p<0.05, ****p<0.0001 vs saline treated mice. D)
Quantification of the cataleptic behavior upon saline or haloperidol (1 and 4 mg/kg) treatment in
WT, D2S-/- and D2L-/- mice. Two-way ANOVA, genotype x treatment: F, s4=14.45, p<0.0001,
n=7-15. ***p<0.001 vs saline treated mice.
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Figure 4. Different motor and cellular responses to cocaine in D2 isoform mutants. A) Motor
activity in NHC of WT, D2S-/- and D2L-/- mice administered either saline or cocaine (10 and 20
mg/kg) recorded for 1 hr. Two-way ANOVA, genotype x treatment: F, 78=2.93, p=0.02, n=7-14
mice/treatment/genotype.*p<0.05, ***p<0.001 vs saline treated mice. B) Representative images
of immunofluorescence analyses using anti c-fos antibodies (red) and Draq7 labelled nuclei (blue)
in the DS of WT, D2S-/- and D2L-/- mice following saline or cocaine treatment (20mg/kg), as
indicated. Scale bar: 30 um. C) Quantifications of the number of c-fos positive neurons in same
experiments. Values are mean+SEM of c-fos™ neurons/region of interest (385.7 x 385.7 um). Two-
way ANOVA, genotype: F, 14=11.30, p=0.0012 genotype x treatment: F(2, 14=8.99, p=0.003,
n=3-4 mice/treatment/genotype). ***p<0.001 vs saline treated mice.
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Figure S. Bicuculline treatment restores cocaine-mediated c-fos induction in D2L-/- mice. A)
Representative images of immunofluorescent analyses using c-fos antibodies (red) and Draq7
(blue) labeled nuclei on striatal sections from WT and D2L-/- mice following saline (SAL) or
cocaine (COC) (20 mg/kg, i.p.) or bicuculline (BIC i.c.) or bicuculline plus cocaine (BIC+COC)
treatments as indicated. Scale bar: 30 um. B) Quantifications of the number of c-fos * cells/region
of interest of the experiments shown in A. Values are mean =SEM. Two-way ANOVA, genotype:
Fa, 20=11.48, p=0.0028; genotype x treatment: F @, 21y = 7.894; p=0.001, n=3
mice/treatment/genotype). ***p<0.001vs WT or D2L -/- saline treated mice. C) Schematic
representation of the findings obtained by the analysis of D2L-/- and D2S-/- mice. Collectively,
our data suggest that under basal conditions, signaling from either D2R isoforms is sufficient to
control D2-mediated functions (i.e. presynaptic control of DA synthesis and postsynaptic ACh and
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GABA release) as shown by the normal motor behavior (Left panel: Basal Conditions). However,
upon dopaminergic challenge, while D2S signaling in DA neurons is critical for the inhibition of
TH phosphorylation and DA synthesis, D2L signaling appears required for the inhibition of iMSNs
collaterals to dMSNs, which is critically involved in the psychomotor response to cocaine (22, 23)
as well as c-fos induction (22)(Right panel: Dopaminergic Challenge). The preferential
presynaptic and postsynaptic involvement of D2S and D2L, respectively, upon challenge is
indicated by the enlargement of the rectangle (D2S) or triangle (D2L). The dashed lines represent
the basal striatal tone of neurotransmitters while the solid line the striatal tone upon dopaminergic
stimulation.
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Figure S1. TH phosphorylation levels upon quinpirole challenge. Quantifications of western
blot analyses of TH phosphorylation on Ser40 in protein extracts from the ventral striatum (VS)
of WT, D2S-/- and D2L-/- mice injected with saline, 0.02 and 0.2 mg/kg of quinpirole. Two-way
ANOVA, genotype x treatment: Fu, 29=3.603; p=0.0167, n=3-5 samples/treatment/genotype.
*p<0.05, **p<0.01, vs saline treated mice.
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Chapter 3: Cocaine-mediated circadian reprogramming in the striatum through dopamine
D2R and PPARYy activation

Abstract

Substance abuse disorders are linked to alteration of circadian rhythms, although the molecular
and neuronal pathways implicated have not been fully elucidated. Addictive drugs, such as
cocaine, induce a rapid increase of dopamine levels in the brain. Here we show that acute
administration of cocaine triggers reprogramming in circadian gene expression in the striatum, an
area involved in psychomotor and rewarding effects of drugs. This process involves the activation
of peroxisome protein activator receptor gamma (PPARYy), a nuclear receptor involved in
inflammatory responses. PPARYy reprogramming is altered in mice with cell-specific ablation of
the dopamine D2 receptor (D2R) in the striatal medium spiny neurons (MSNs) (iIMSN-D2RKO).
Administration of a specific PPARy agonist in iMSN-D2RKO mice elicits substantial rescue of
cocaine-dependent control of circadian genes. These findings have potential implications for

development of strategies to treat substance abuse disorders.

30



Introduction

A variety of fundamental biological processes, ranging from the sleep-wake cycle and
metabolism, to immune responses and behavior, is regulated by the circadian clock (Green et al.
2008; Scheiermann et al. 2013). In mammals, the central clock is located in the suprachiasmatic
nucleus (SCN) within the hypothalamus that is entrained by light as an external zeitgeber (time-
giver) (Welsh et al. 2010). As master regulator of organismal circadian rhythms, the SCN is
thought to orchestrate the phase of oscillation of extra-SCN clocks (Albrecht 2012). Peripheral
clocks are present in virtually all organs and cells within the body and recent findings have revealed
that clocks communicate in order to achieve systemic homeostasis (Bass and Lazar 2016; Dyar et
al. 2018). Diverse environmental cues, such as feeding behavior, also act as robust zeitgebers for
peripheral clocks in metabolic tissues through mechanisms that appear SCN-independent (Asher
and Sassone-Corsi 2015; Panda 2016). From a molecular standpoint, the circadian clock drives
oscillations in expression of a large number of genes through transcriptional-translational feedback
loops composed of cycling activators and inhibitors (Partch et al. 2014).

Drugs of abuse have been shown to induce severe perturbation of circadian rhythms (Iijima
et al. 2002; Mohawk et al. 2012; Gallardo et al. 2014), such as disruption of the sleep/wake cycle,
eating habits, blood pressure, hormone secretion and body temperature (Hasler et al. 2012; Logan
et al. 2014). Importantly, desynchronization of circadian rhythms has been linked to the switch
from recreational consumption to addictive behavior (Korpi et al. 2015). Cocaine, as well as other
psychoactive drugs, affects the function of brain circuits such as the basal ganglia by increasing
neurotransmitter release to the medium spiny neurons (MSNs), which are the principle striatal
neurons and the striatum’s only output neurons. This is the case for cocaine-mediated activation
of dopamine (DA) signaling in MSNs that leads to long-term adaptations of cellular programs and
behavioral responses (Di Chiara and Bassareo 2007; Girault 2012). Importantly, there are
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indications that DA signaling impacts central and peripheral circadian rhythms (McClung et al.
2005; Logan et al. 2019). In the striatum, DA levels oscillate in a circadian manner (Castafieda et
al. 2004; Ferris et al. 2014) and are involved in the regulation of the neuronal circadian clock gene
expression (Imbesi et al. 2009; Hood et al. 2010). To date, however, characterization of the
molecular mechanisms by which drugs of abuse alter circadian rhythms in a tissue-specific manner
remains incomplete.

Under physiological conditions, the endogenous clocks coordinate transcriptional and
metabolic cycles in distinct organs (Asher and Sassone-Corsi 2015; Panda 2016). The capacity of
peripheral clocks to be highly flexible through transcriptional and metabolic reprogramming is
highlighted by experiments involving nutritional challenges such as fasting, high fat diet,
ketogenic diet or caloric restriction (Ribas-Latre and Eckel-Mahan 2016; Brown 2016; Challet
2019). It is unclear whether neuronal clocks are capable of similar reprogramming. We
hypothesized that the short and long-term adaptation of neuronal circuits in response to cocaine
would involve changes in circadian rhythmicity within the ventral striatum and in particular the
Nucleus Accumbens (NAcc).

Our recent findings show that D2R-mediated signaling in MSNs critically modulates
striatal responses to cocaine (Kharkwal et al. 2016b; Radl et al. 2018). These results indicate that
D2R signaling plays a critical role in the mechanisms by which drugs of abuse affect striatal
physiological responses. Thus, we explored how the circadian program of striatal neurons is
influenced by acute administration of cocaine in WT mice and in mutants with D2R ablation
exclusively in D2R-expressing MSNs (iMSN-D2RKO mice)(Anzalone et al. 2012; Kharkwal et
al. 2016b). Our results show that cocaine induces a drastic reprogramming of the diurnal

transcriptome in the NAcc. There is a remarkable difference in the number, type and cycling
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profiles of cocaine-driven oscillatory genes in iMSN-D2RKO mice. Using combined metabolomic
and transcriptomic approaches, we show that D2R in iMSNs contributes to cocaine-induced
activation of peroxisome protein activator receptor gamma (PPARY) a nuclear receptor implicated
in inflammatory responses (Kliewer et al. 1994; Khan et al. 2019). PPARYy drives a significant
fraction of de novo cocaine-induced transcriptional response, which is impaired in the absence of
D2R signaling in iMSNs. Pharmacological activation of PPARy by pioglitazone*? in iMSN-
D2RKO mice leads to restoration of the cocaine-induced profile of circadian gene expression. Our
findings unveil a D2R signaling- PPARYy connection in circadian regulation linked to cocaine-

mediated rewiring in striatal neurons.

Results

Response of Core Clock Genes to Cocaine in both WT and iMSN-D2RKO Mice

We previously reported that iMSN-D2RKO mice display reduced motor activity in basal
conditions (Anzalone et al. 2012) and absence of cocaine-induced hyperlocomotion (Kharkwal et
al. 2016b). We sought to study the effects of cocaine in WT and iMSN-D2RKO mice by analyzing
circadian motor activity along the daily cycle, four days before and four days after acute cocaine
administration (Fig. 1a and 1b). Circadian motor activity was quantified as infrared beam breaks
per minute at each circadian time in mice housed in home cages. Interestingly, acute cocaine does
not affect the diurnal pattern of locomotor activity either in WT or iMSN-D2RKO mice, indicating
that D2R deletion in iMSNs does not alter the physiology and function of the SCN central clock
(Fig. 1c). Nevertheless, circadian motor activity of iMSN-D2RKO mice was decreased with
respect to WT mice in the active phase before (p<0.0001) and after (p=0.0004) cocaine

administration (Fig. 1d and le), consistent with results obtained in non-circadian behavioral
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settings (Anzalone et al. 2012; Dobbs et al. 2016; Kharkwal et al. 2016b). To determine the effect
of cocaine challenge on the striatal expression of clock genes, WT and iMSN-D2RKO mice
received an intraperitoneal (i.p.) injection of either cocaine (Coc 20 mg kg™!) or saline (Sal), shortly
after the beginning of the resting phase (zeitgeber time, ZT3). Animals from both groups were
sacrificed every 4 hours (n=5 or 6/time point) and tissue punches from the NAcc collected at six
time points to cover the full circadian cycle (Fig. 1f). To investigate the direct effect of cocaine in
the NAcc of WT and iMSN-D2RKO mice on the core-clock machinery, we analyzed the
expression of Bmall, Cryl, Dbp and Perl in saline and cocaine-treated mice (Fig. 1g). We
observed a significant effect of time for all tested core-clock genes (p<0.0005), indicating that
expression of all genes follows the typical circadian cycle in both genotypes. There was no
substantial alteration in the expression profiles of these clock genes upon cocaine treatment
(Bmall: p=0.7389; Cryl: p=0.7529; Perl: p=0.6765), as well as a clock output gene, as
exemplified by Dbp expression profile (p=0.1495) (see Supplementary Table 1). A slight but
nevertheless significant difference was found in Per/ expression level between WT and
iIMSND2RKO mice (p=0.0022). Thus, acute cocaine treatment, whether in the presence or absence

of D2R in iMSNs, does not alter the rhythmic expression of this group of circadian genes.

Reprogramming of the Striatal Circadian Transcriptome by Cocaine

Cocaine intake induces an increase of DA accumulation in the synaptic cleft through blockade of
the DA transporter prolonging activation of postsynaptic neurons (Nestler 2005; Beuming et al.
2008). The dopaminergic mesolimbic pathway connecting the ventral tegmental area to the NAcc

and cortex is critically involved in the effects of drugs of abuse (Liischer and Malenka 2011).
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To analyze the acute cocaine-dependent genome-wide rhythmicity, RNAs were extracted
from NAcc punches from brains harvested every four hours throughout a full circadian cycle (Fig.
1f) and processed for RNA-seq analyses. Rhythmic transcripts were identified using the non-
parametric test JTK CYCLE (Hughes et al. 2010), an algorithm that includes Bonferroni-adjusted
multiple comparisons and incorporates a window of 20-28 hours for the determination of diurnal
periodicity. Out of a combined 2314 cycling transcripts identified, 1157 (50%) were rhythmic only
in the saline condition. An additional 294 (~13%) were cycling in both saline- and cocaine-treated
mice and, notably, 863 (~37%) de novo oscillating transcripts were identified upon cocaine
challenge (Fig. 2a). The phases of oscillation of genes diurnal in both conditions were similar (Fig.
2b and 2c¢). The newly cocaine-induced oscillating transcripts display a peak at around ZT7, which
is absent in saline condition. Moreover, 13% of the common oscillating genes showed a decrease
in amplitude, while 35% displayed an increase upon cocaine treatment with respect to saline
conditions (Fig. 2d). Thus, the circadian program of cycling genes in the NAcc is profoundly
modified upon acute cocaine administration.

Pathway analyses were performed using Database for Annotation, Visualization and
Integrated Discovery (DAVID) (Fig. 2e) and Reactome (Supplementary Fig. la-c). Both
approaches identified analogous pathways in the common rhythmic transcripts between saline-
and cocaine-treated NAcc. Gene Ontology (GO) annotation revealed clusters in the protein folding
and rhythmic process pathways in both treatments. The saline-only specific circadian transcripts
were enriched in RNA splicing, cell projection, and protein monoubiquitination pathways.
Conversely, the cocaine-only specific transcripts were highly enriched in the transmembrane

transport, ER to Golgi vesicle mediated transport and cell projection pathways (see Fig. 2e and
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Supplementary Fig. la and 1b). These results highlight the effect of a single, acute cocaine

challenge on circadian function in the NAcc.

Cocaine-Driven Circadian Reprogramming is dependent on D2 Receptors

Both D1R- and D2R-mediated signaling play a fundamental role in the psychomotor and
rewarding properties of cocaine (Vallone et al. 2000). Importantly, mice carrying selective ablation
of D2R in the iMSNs display impaired cellular and motor response to acute cocaine administration
(Kharkwal et al. 2016b). To determine the role of D2R-mediated signaling in the regulation of
circadian gene oscillation in the NAcc, iMSN-D2RKO mice were treated with saline or cocaine
(as shown in Fig. 1), as previously described for their WT counterparts. RNA-seq analyses along
the circadian cycle showed a substantial difference in the number of oscillatory genes as compared
to WT mice in the saline condition (Fig. 3a). Indeed, we observed a drastic decrease in the number
of genes oscillating in iIMSN-D2RKO mice (359 transcripts) as compared to the same condition in
WT mice (1399 transcripts); 53 oscillating genes were common to both genotypes (Fig. 3a). The
phase of the overlapping genes was similar in both genotypes (Supplementary Fig. 2a and 2b) with
a higher percentage of genes with greater amplitude in iMSN-D2RKO mice (Supplementary Fig.
2¢). Moreover, transcripts exclusively diurnal in iMSN-D2RKO had phase distributions at
approximately ZT4 and ZT16 (Fig. 3b and 3c). Genes oscillating only in iMSN-D2RKO mice
clustered in GO annotations including transmembrane transport and steroid metabolic process
(Fig. 3d and Supplementary Fig. 2d and 2e). It is relevant that annotation analyses of genes
oscillating in both WT and iMSN-D2RKO mice include classic terms required for normal neuronal

function (Supplementary Fig. 2f and 2g).
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Acute cocaine treatment revealed a unique circadian signature in the NAcc of iMSN-
D2RKO mice. Notably, a total of 1131 cycling genes were found in the cocaine-treated WT. Of
these, 25 were common to iMSN-D2RKO mice. An additional 171 genes were rhythmic in iMSN-
D2RKO mice only (Fig. 3e). Phase distribution analyses also revealed unique features of cocaine-
induced reprogramming of circadian gene expression in WT and iMSN-D2RKO mice. Notably, a
unique phase distribution peak observed at ~ZT18 in WT mice was almost completely absent in
IMSN-D2RKO mice (Fig. 3f and 3g). On the other hand, genes oscillating in both conditions
display a peak at ZT6-ZT8 (Supplementary Fig. 3a and 3b) and maintain similar amplitudes
(Supplementary Fig. 3c). GO term analyses revealed unique pathways enriched in WT vs iMSN-
D2RKO mice (Fig. 3h and Supplementary Fig. 3d and 3e), such as protein folding, transport, cell
projection in WT, and transcription, negative regulation of apoptotic process, positive regulation
of cytosolic Ca®* concentration in iMSN-D2RKO. Moreover, GO annotation analyses showed a
common enrichment of genes that belong to the circadian regulation of gene expression in both
genotypes (Supplementary Fig. 3f and 3g). Taken together our results demonstrate that D2R

signaling in iMSNs is critical for basal and cocaine-driven circadian oscillations in the NAcc.

Cocaine-induced Circadian Response of PPARy Target Genes

To explore the molecular mechanisms by which cocaine induces de novo oscillations of striatal
genes, we used MotifMap (Daily et al. 2011) to identify transcription factor binding motifs
selectively represented in rhythmic genes under saline conditions and after cocaine challenge. A
profound reorganization in transcription factor pathway usage was observed upon cocaine
challenge, with a significant enrichment of genes containing PPARYy binding sites for genes

oscillating in WT mice (Fig. 4a). Indeed, 372 out of 863 cocaine-induced newly oscillating genes
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are PPARY targets (Fig. 2a and 4b-c). Importantly, cocaine-induced enrichment of PPARy binding
sites is not observed in the iMSN-D2RKO cocaine-treated mice. Thus, ablation of D2R from
iIMSNs significantly reduces the cocaine-induced PPARY oscillatory program observed in WT
mice (Fig. 4b). Among the cocaine-induced PPARY target genes, none were common oscillators
in both genotypes. The significant fraction of de novo cycling PPARy target genes induced by the
first exposure to cocaine in WT mice, prompted us to further explore the involvement of this
nuclear factor. Phase oscillation analyses of PPARy cycling targets revealed a specific phase
distribution in cocaine treated WT mice at ZT6-ZT8 and ZT18 (Fig. 4d). GO biological process
analyses of the PPARy-target genes in WT cocaine-treated mice revealed transport, translation
initiation, positive regulation of apoptotic process, and transcription as key annotations (Fig. 4e
and Supplementary Fig. 4a). Taken together, our data underscore the involvement of PPARYy
signaling pathway in cocaine-induced transcriptional reprogramming of the NAcc clock. This

unique cocaine-induced transcriptional feature is absent in mice with ablation of D2R from iMSNss.

D2R-driven PPARy Nuclear Enrichment upon Cocaine

PPARYy localizes in the cytoplasm and upon activation translocates to the nucleus to activate
transcription of specific genes (Mangelsdorf et al. 1995). We performed immunofluorescence
analyses using a nuclear-specific PPARy antibody to quantify the induction of nuclear PPARY
staining in the NAcc of WT and iMSN-D2RKO mice upon cocaine treatment. For this purpose,
mice of both genotypes were administered either saline or cocaine (20 mg kg!) at ZT3 and
sacrificed at ZT7. A diffuse nuclear PPARY staining was observed in NAcc neurons in saline
conditions in both genotypes (Fig. 5a). After cocaine we observed a significant increase in nuclear
PPARy staining in WT NAcc neurons, which was absent in iMSN-D2RKO mice. Quantification
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of PPARY nuclear intensity per cell, as well as of the number of cells with nuclear PPARY staining,
shows a statistically significant increase of nuclear PPARY localization upon cocaine in WT as
compared to iIMSN-D2RKO NAcc neurons (Fig. 5b, p=0.0030; Fig. 5c, p=0.0124). To establish
the identity of the MSNs showing the heightened intensity of PPARy nuclear staining, we
performed in-situ hybridization coupled to immunohistochemistry using probes specific for the
two subtypes of MSNs. This allowed for the unambiguous identification of D2R-expressing
iIMSNs from DI1R-expressing dMSNs. Double in-sifu hybridization/immunohistochemistry
analyses were performed using riboprobes for enkephalin (Enk) (Baik et al. 1995), an iMSNs
specific marker or the dopamine D1 receptor (D/R), a dMSN specific marker, together with the
specific PPARy antibody. These experiments demonstrated that the cocaine-driven increase in
PPARYy nuclear staining occurs in iMSNs (p=0.0030) and not in dMSNs (p=0.9991) (Fig. 5d and
5e). Importantly, the increase of PPARY in iMSNs nuclei after cocaine was not observed in the
NAcc of iMSN-D2RKO mice (p=0.8693) (Fig. 5d and 5e). These results point to a cocaine-

mediated D2R-dependent activation of PPARY.

Lack of PPARYy Activation and Function in iMSN-D2RKO mice

To ascertain whether the metabolic consequences of acute cocaine treatment may be linked to
PPARYy activation, we performed mass-spectrometry (MS) metabolomics analyses from isolated
NAcc at ZT7 after either saline or cocaine (20 mg kg*'; i.p.) administration at ZT3. We identified
a significant effect of cocaine on lipid metabolism (Fig. 6a). Among 180 metabolites analyzed,
145 were lipids including: phospholipids, acylcarnitines and sphingolipids. In WT, but not in
iIMSN-D2RKO mice, phosphatidylcholine levels were significantly decreased after cocaine

treatment while most lysophosphatidylcholines increased. D2R activation is involved in the
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conversion of phosphatidylcholine into lysophosphatidylcholine and arachidonic acid (AA)
(Kanterman et al. 1991; Neve et al. 2004), the latter being a precursor of prostaglandins (Kuehl
and Egan 1980; Piomelli et al. 1991). Importantly, prostaglandins are well-characterized PPARYy
natural ligands (Nosjean and Boutin 2002). Interestingly, AA release in the striatum is regulated
by DIR and D2R in an opposite manner (Piomelli et al. 1991; Schinelli et al. 1994); D1R signaling
inhibits while D2R signaling increases AA release. Based on these findings, we reasoned that the
efficient turnover of phosphatidylcholine levels in response to cocaine would be dampened in mice
with D2R ablation in iMSNs. We thereby analyzed the levels of the PGJ2-type prostaglandin (15-
deoxy-A'214-PGJ2) (Scheer et al. 2013), a prostaglandin that specifically binds and activates
PPARy (Forman et al. 1995), in the NAcc of WT and iMSN-D2RKO mice. Indeed, we observed
that in response to cocaine, there is a significantly lower level of 15-deoxy-A!>!4-PGJ2 in the NAcc
of iIMSN-D2RKO mice as compared to saline treated mice (p=0.0153) (Fig. 6b). In contrast, WT
mice show no significant change in 15-deoxy-A'>!%-PGJ2 levels after cocaine treatment, a
response that mirrors results obtained in human cocaine users (Samikkannu et al. 2014). These
findings point to D2R signaling as a key player in the cocaine-driven prostaglandin production
involved in PPARY activation.

We next assessed the downstream effects of PPARY activation by analyzing the expression
of specific genes from the list of PPARY circadian putative targets (Fig. 4c). Among these genes,
Adora2a (Adenosine A2a Receptor), Kcndl (Potassium Voltage-Gated Channel Subfamily D
Member 1), and Gabré (Gamma-Aminobutyric Acid Type A Receptor Delta Subunit) are not
oscillatory under normal conditions in WT mice (Fig. 6¢). However, upon cocaine treatment, their
expression displayed de novo oscillatory profiles. In contrast, in cocaine treated iMSN-D2RKO

mice, these genes were not cyclically expressed, their circadian expression parallels that of saline-
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control mice (Fig. 6¢). Next, we analyzed the molecular mechanism of control at the promoter
level by chromatin immunoprecipitation assays (ChIP) using NAcc nuclear extracts from both WT
and iIMSN-D2RKO cocaine-treated mice harvested at ZT7. Using PPARy nuclear-specific
antibodies, we show that PPARy chromatin recruitment to Adora2a and Kcndl promoters was
significantly reduced in iMSN-D2RKO animals as compared to WT (Fig. 6d) (4dora2a: p=0.0361
and Kcndl: p=0.0252). An analogous trend was observed for the Gabrd promoter (p=0.1549).
These results support a scenario in which PPARy activation by cocaine leads to the de novo

program of D2R signaling-dependent circadian genes in the NAcc.

Rescue of PPARY Function using the Specific Agonist Pioglitazone

To wvalidate the critical role played by PPARy in D2R signaling-dependent circadian
reprogramming upon cocaine, WT and iMSN-D2RKO mice were subjected to oral gavage with
pioglitazone, a specific PPARY activator (Swanson et al. 2011) that crosses the blood brain barrier
(Kiyota et al. 1997). Pioglitazone or vehicle, were administered at ZT1, 2 hours before the acute
cocaine injection (Fig. 7a). Expression of the Adora2a, Kcndl and Gabro genes was analyzed at
ZT7 and at ZT19 (Fig. 7b). Pioglitazone treatment before cocaine reestablished the induction of
AdoraZa (p=0.0388), Kcndl (p<0.0001), and Gabro (p=0.0019) gene expression in iMSN-
D2RKO mice at ZT7, which nicely paralleled WT expression levels (Fig. 7b). Thus, PPARy
activation operates as a direct link between cocaine, D2R-signaling (Kanterman et al. 1991; Neve
et al. 2004) and downstream gene expression (Fig. 7¢). These results identify PPARy as a critical
factor that intervenes in the transcriptional reprogramming of the striatal clock upon acute cocaine

treatment.
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Discussion

Drugs of abuse, such as cocaine, are known to alter human physiology and circadian rhythms
(Hasler et al. 2012). While relevant information about the molecular mechanisms by which cocaine
affects short or long-term neuronal plasticity has been accumulated (Liischer and Bellone 2008),
little is known about how it interplays with the circadian system. Deciphering how cocaine alters
circadian regulation may provide critical knowledge to design strategies aimed at mitigating the
daily dysfunctions of drug addicts. Previous studies have addressed this question through the
analysis of chronically treated WT mice (Ozburn et al. 2017) or mutant mice for specific clock
genes (Abarca et al. 2002; Iijima et al. 2002; McClung et al. 2005; Brager et al. 2013). In this
study, we first sought to decipher how a single acute cocaine treatment affects genome-wide
circadian oscillations within the NAcc, and secondly to dissect the D2R-mediated signaling
pathways in striatal neurons. For this purpose, we exploited mouse models in which genetic
ablation of D2R is targeted uniquely to striatal iMSNs. We demonstrate that cocaine generates a
profound reprogramming of circadian gene expression and identified PPARY as one critical player
that elicits the acute effects of cocaine through D2R-mediated signaling.

D2R is essential for the psychomotor and rewarding effects of psychoactive drugs such as
cocaine(Caine et al. 2002; Welter et al. 2007; Kharkwal et al. 2016b). Indeed, constitutive D2R
knockout mice self-administer higher amounts of cocaine as compared to WT littermates (Caine
et al. 2002). Importantly, lower striatal D2R levels have been observed in cocaine abusers as well
as in rodent models (Volkow et al. 1997; Nader et al. 2006; Czoty et al. 2010). Thus, ablation of
D2R from the main striatal population, as achieved in iMSN-D2RKO mice, represents an ideal
model to study the mechanisms by which cocaine affects striatal signaling and circuitry. Previous

studies revealed the importance of D2R for intrastriatal connections (i.e. collaterals between iIMSN
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and dMSN) necessary for the psychomotor effects of cocaine (Anzalone et al. 2012; Dobbs et al.
2016; Kharkwal et al. 2016b; Lewis et al. 2020).

Our findings place D2R in a central position in the modulation of circadian rhythmicity in
the striatum. Indeed, D2R ablation in iMSNs leads to a significant reduction in the number of
oscillating genes in the NAcc. Our data reinforce emerging evidence suggesting that cocaine-
mediated increase of dopamine is involved in maintaining circadian rhythms in brain areas
including the retina, olfactory bulb, striatum, midbrain and hypothalamus (Korshunov et al. 2017).
Remarkably, cocaine administration is significantly less effective on circadian reprogramming in
the absence of D2R.

Previous reports have indicated that D2R-mediated signaling modulates Clock and Per2
gene expression (Imbesi et al. 2009; Hood et al. 2010). Our results show that D2R also modulates
Perl expression (Supplementary Table 1). Cocaine treatment does not lead to major alterations in
the circadian oscillation of the core clock genes Bmall, Cryl and Dbp in striatal neurons. On the
other hand, we observe induction of newly oscillatory genes. This is remarkable when considering
the extensive changes in circadian gene expression observed between WT and iMSN-D2RKO
mice. Altogether these observations point to a D2R signaling-driven cocaine-induced
reprogramming of the NAcc. Our study allows the identification of PPARYy as a key mediator of
cocaine-induced rhythmic transcriptional reprogramming.

While originally characterized for its role in adipogenesis and glucose metabolism, PPARy
has been recently linked to neurological disorders such as neurodegeneration and neuro-
inflammation (Jiang et al. 2008; Chaturvedi and Beal 2008). Importantly, we have demonstrated

that D2R ablation prevents cocaine-driven PPARy activation and the consequent de novo

oscillation of PPARY target genes. Dependence on D2R can be circumvented by the administration
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of the specific PPARy agonist pioglitazone. Our results support recent findings suggesting the
involvement of PPARY in cocaine use disorder. Indeed, pioglitazone treatment during abstinence
has a positive effect on cocaine addiction by reducing cocaine self-administration(Miller et al.
2018). GO analyses of the cocaine treated WT and iMSN-D2RKO NAcc transcriptomes shows
that the most significant annotation in iMSN-D2RKO is transcription factors which is absent in
WT mice. This notion supports a modulatory role of D2R signaling in NAcc-dependent molecular
responses to cocaine. Thus, while dMSNs have been critically involved in cocaine-mediated
responses(Kelz et al. 1999; Zhang et al. 2006; Bateup et al. 2008; Hikida et al. 2010; Cates et al.
2019; Parekh et al. 2019), the modulatory role of D2R signaling needs to be further highlighted.
Along these lines, it is tempting to speculate that alteration of cocaine-induced circadian
reprogramming in absence of D2R might also occur in cocaine abusers where the levels of D2R
are dampened(Volkow et al. 1997). Notably, the full D2R knockout mice show heightened intake
of cocaine as measured in cocaine self-administration studies (Caine et al. 2002). Since the iMSN-
D2RKO mice show multiple features of the full D2R knockout mice, it is tempting to speculate
that they might also self-administer higher amounts of cocaine. Future studies will address this
question.

Our findings reveal the fundamental role of D2R in circadian physiology of the brain’s
reward system. D2R signaling plays a crucial role in the reprogramming of diurnal transcription
driven by acute cocaine in the NAcc. Unsuspected to date, D2R-mediated signaling triggers a
regulatory circuit that leads to PPARy activation. This response underlies the cyclic activation of
a large number of de novo oscillatory genes. These results exemplify the complexity underlying
the effects of cocaine in the brain by adding a member of the nuclear receptor family to the

molecular circuitry previously implicated in the response to cocaine (Lobo and Nestler 2011;

44



Everitt and Robbins 2013; Yager et al. 2015; Chandra and Lobo 2017; Walker et al. 2018). Finally,
the identification of the PPARy pathway as a mediator of D2R signaling represents an important

promising target for the clinical treatment of drug addiction.

Methods

Animals

iMSN-D2RKO mice were generated by mating D2R1o¥fox mice with D2R10¥/loxDIR-CRE+- 29,
In D2R{ox/floxDIR-CREY- mjce the DA DIR promoter drives the CRE recombinase. The ability of
this CRE to eliminate D2R in iMSNs (Anzalone et al. 2012) resides in the common expression of
DIR and D2R in embryonic MSN precursors (Aizman et al. 2000). Absence of D2R from iMSNs
was previously shown by binding analyses on striatal extracts using a D2R-specific 3H-labeled
ligand, as well as by double in-sifu hybridization experiments using GAT1 as marker of MSNs
and D2R exon 2 specific probes (Anzalone et al. 2012). Mice were maintained on a standard 12h
light/ 12h dark cycle; food and water were available ad libitum in ~25°C and 40-60% humidity.
Animals’ care and use was in accordance with guidelines of the Institutional Animal Care and Use
Committee at the University of California, Irvine. Genotype identification was performed by

Southern blot and PCR analyses of DNA extracted from tails biopsies.

Drugs

Before pharmacological treatments, mice were handled for at least 3 days for 5 min. On the day of
the test, mice were habituated to the novel home cage for 2 hours and then administered either
cocaine or saline. Cocaine (Sigma Cat. #C5776) was dissolved in saline (NaCl 0.9%) and injected

intraperitoneally (i.p.) at the dose of 20 mg kg™!. Pioglitazone (Cayman Chemical Cat. # 71745)
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was dissolved in DMSO to have a stock solution of 10 mg mL-!. Pioglitazone solution was diluted
1:1 in PBS and administered 2 hours prior to either cocaine or saline injection by oral gavage at a

dose of 60 mg kg™!.

Locomotor activity analysis

Activity was measured on individually housed mice n=4-5/group for 11 days using Actimetrics
optical beam motion detection (Philips Respironics). Data was collected using Minimitter Vital
View v5.0 data acquisition software and analyzed through Matlab R2013a v9.7.0.1296695

software and Clocklab software v2.72.

Quantitative RT-PCR

Striatum samples were homogenized in TRIzol lysis reagent (Thermo Fisher) following
manufacturer’s instructions. Total RNA was reverse-transcribed using iScript Reverse
Transcription Supermix (Biorad Cat. N. 1708840). Gene expression was analyzed by Real-Time
PCR (BIO-RAD Real-Time System; BIO-RAD CFX Manager Software v3.1) using SsoAdvanced
Universal SYBR Green Supermix (Biorad Cat. N. 172-5270). The sequences of the primers used
for RT-PCR are Kcndl Forward: 5°-TCCGTTTGGCAAAGAGTGGT-3’, Kendl Reverse: 5°-
AGCTCGTCTGTGAACTCGTG-3’; Gabrd Forward: 5’-GGCGCCAGGGCAATGAAT-3’,
Gabrd Reverse: 5’-GTCAATGCTGGCCACCTCTA-3’; Adora2a Forward: 5’-
TTCATCGCCTGCTTTGTCCT-3’, Adora2a Reverse: 5’-AATGATGCCCTTCGCCTTCA-3’;
Bmall Forward: 5-GCAGTGCCACTGACTACCAAGA-3’, Bmall Reverse: 5°-
TCCTGGACATTGCATTGCAT-3’; Perl Forward: 5’-ACCAGCGTGTCATGATGACATA-3’,

Perl Reverse: 5’-GTGCACAGCACCCAGTTCCC-3’; Dbp Forward: 5-
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AATGACCTTTGAACCTGATCCCGCT-3’, Dbp Reverse: 5-
GCTCCAGTACTTCTCATCCTTCTGT-3’; Cryl Forward: 5’-
CAGACTCACTCACTCAAGCAAGG-3’, Cryl Reverse 5’-

TCAGTTACTGCTCTGCCGCTGGAC-3’.

RNA-seq analysis

RNA library preparation and sequencing were performed at the UCI Genomics High-throughput
Facility, University of California, Irvine. Briefly, total RNA was monitored for quality control
using the Agilent Bioanalyzer Nano RNA chip and Nanodrop absorbance ratios for 260/280 nm
and 260/230 nm. Library construction was performed according to the [llumina TruSeq® Stranded
mRNA Sample Preparation Guide. The input quantity for total RNA was 700 ng and mRNA was
enriched using oligo dT magnetic beads. The enriched mRNA was chemically fragmented for 3
minutes. First strand synthesis used random primers and reverse transcriptase to make cDNA.
After second strand synthesis the ds cDNA was cleaned using AMPure XP beads and the cDNA
was end repaired and then the 3’ ends were adenylated. [llumina barcoded adapters were ligated
on the ends and the adapter ligated fragments were enriched by nine cycles of PCR. The resulting
libraries were validated by qPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip.
The concentrations for the libraries were normalized and then multiplexed together. The
multiplexed libraries were sequenced on four lanes using single end 100 cycles chemistry on the
HiSeq 2500. The version of HiSeq control software was HCS 2.2.58 with real time analysis
software, RTA v1.18.64. Sequence alignment was performed using TopHat v2.1.1 while assembly
and expression estimation was done using Cufflinks v0.12.1(Trapnell et al. 2013). Reads were

mapped to the mouse genome mm10 and expression values were estimated as FPKM. DETAILS:
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FASTQ files were obtained from the sequencing facility and processed through the standard
Tuxedo protocol”. Reads were then aligned to the UCSC mm10 mouse reference genome using
TopHat and Bowtie2 v2.3.4. Assembled transcripts were obtained via Cufflinks with the mm10
reference annotation file. Genome assembly was obtained using Cuffmerge and expression levels
(summarized to genes) were calculated using Cuffquant and then normalized via Cuffnorm to
FPKM values. For each condition, 24 hr time series data from six time points with three replicates
each were collected. In total, expression levels of 24138 unique genes were considered for further
analysis. Data was further split to pairwise time series format for comparative analysis (e.g. WT

Saline vs WT Cocaine treatment, KO Saline vs KO Cocaine treatment etc).

Bioinformatics and Pathway Analysis

Bioinformatics analysis was performed on RNA-seq data using JTK CYCLE(Hughes et al. 2010)
v3.1 and pipelines for CircadiOmics (circadiomics.ics.uci.edu) (Patel et al. 2012). Pathway
analysis was performed using DAVID (Huang et al. 2009) and Reactome (Fabregat et al. 2017;
Sidiropoulos et al. 2017) software. Details: Statistical and bioinformatics analyses were performed
based on pairwise comparisons, where the effect of cocaine treatment was analyzed while
controlling the genotype or the difference between genotypes (WT or KO) were compared while
controlling the treatment. Dixon’s test was performed on replicates of transcriptomic data to reduce
outlier effects, filtering out up to 1 outlier replicate from each time point. For transcriptomic data,
genes with consistently low expression values (FPKM < 1) were filtered out from further analysis
to reduce noise. Time series data was then used to determine circadian behavior of genes using
JTK CYCLE, including the p-value for whether the time series is considered circadian, its

periodicity (between 20-28 hrs), amplitude and phase. A gene is considered circadian if its
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JTK CYCLE p-value passed the cutoff of 0.01. Heatmaps of circadian transcripts were generated
using the R package gplots v3.0.3, where the values on each row were normalized and rows were
sorted by the JTK CYCLE phase. The Database for Annotation, Visualization and Integrated
Discovery (DAVID) pathway and Reactome analysis tools were used to identify enriched KEGG
pathways for circadian genes in each condition. Pathways were ranked by the number of genes
found annotated with the pathway information or with the negative natural log of p-values for
enrichment, which behave similarly to z-scores where larger values indicate higher confidence.
Putative TFBS information from MotifMap (Daily et al. 2011) were used to determine the enriched
TFs in each condition. Fisher’s test was conducted comparing the relative abundance of binding
sites in the promoter regions (-10000 bps to +2000 bps of transcription start site) of circadian genes
in each condition, as opposed to the genomic background (defined as all 24138 genes from the
RNA-seq data with FPKM > 0 at any time point). In addition, a filtering parameter of BBLS>1,
FDR<0.25 was used to obtain high quality binding sites while TFs with motifs that are too short
or degenerate (more than 50000 binding sites under the filtering criteria) were removed as they
tend to be unreliable. TFs were ranked by the negative log of their Fisher p-values. Enrichment
results from different pairwise comparisons were also compared in a meta-analysis to identify
condition-specific TFs, in particular PPARy which was found to be exclusively enriched in WT-
Cocaine condition. PPARY targeted genes were filtered using a combination of MotifMap data and
ChIP-Seq data from GSE64458 (Soccio et al. 2015). Binding sites were searched within a smaller
promoter region of -3000 bps to +1000 bps of the TSS while filtering parameters for MotifMap
were kept the same as mentioned above. Other visualization and statistical analyses were

performed in R or in python using pandas and scikit-learn.

49



Metabolomics analysis

Metabolomic analyses were performed using p180 from the Biocrates facility (Innsbruck, Austria).
Metabolite levels were measured at ZT7 after an intraperitoneal injection of saline or cocaine at a
dose of 20 mg kg'! at ZT3, 5 replicates each. Statistical and bioinformatics analyses were
performed based on pairwise comparisons, where the effect of cocaine treatment was analyzed
while controlling the genotype or the difference between genotypes (WT or KO) were compared
while controlling the treatment. Dixon’s test was performed to reduce outlier effects, filtering out
up to 1 outlier replicate from each condition. Heatmaps for the metabolite profiles were generated
using the RStudio software. Row z-scores are displayed and were calculated using the ‘heatmap.2’

function of the gplots package.

Immunohistochemistry and Fluorescent In situ Hybridization Analysis

Single immunostaining was performed on vibratome sections as described previously (Brami-
Cherrier et al. 2005) using anti- PPARY antibody (1:1000; Novus Biotechnologies Cat. #NB120-
19481). Nuclei staining was obtained using Draq7 (Biostatus, Cat# DR70250). For quantifications,
frames of 375x375 um/image (n=4) were analyzed. ROIs were drawn around individual cells using
LASX software v3.7.0 (Leica); mean gray values/cell were obtained and background
subtracted. Double immunohistochemistry/in situ hybridization staining were obtained using
striatal sections which were hybridized with digoxigenin (DIG)-Enkephalin or (DIG)-DIR
riboprobes (RNA labeling mix; Roche, Cat# 11277073910) (Anzalone et al. 2012). After
incubating the probe for overnight (ON) at 60°C, sections were washed with PBS (Phosphate
Buffered Saline) 3 times (5min), permeabilized with Triton 0.3% in PBS (15 min), blocked with

normal horse serum 5% for 1h and incubated ON with rabbit PPARy antibody (1:1000) at 4°C. On
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day 3, after 3 washes in PBS, sections were incubated for 1h with an anti-rabbit Alexa488 (1:600,
Life technologies) followed by an incubation for 1h with anti—-DIG-AP (1:5000, Roche) antibody.
To amplify the signal, the HNPP (2-hydroxy-3-naphtoic acid-2’-phenylanilide phosphate)
fluorescent Detection Set (Roche) was used. Quantifications were performed on confocal images
(SP5, Leica) of coronal striatal slices (3 slices/animal and 3 brains/genotype/condition) using

LASX v3.7.0. The number of MSNs showing the induction of PPARY was quantified in frames of
246x246 pm/image (n=3); iMSNs were defined as the number of PPARy * and Enkephalin® cells

while dJMSNs as PPARy ™ and D1R+ colocalizing cells.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) procedure was performed (Murakami et al. 2016).
Punches of striatum from frozen brains of two mice were pooled. Tissue was minced and double
crosslinked with DSG for 20 min and 1% formaldehyde for 10 min followed by adding glycine
(0.125 M final concentration) at room temperature for 10 min. After homogenizing tissue pellets
in PBS, 1 ml of lysis buffer was added. Samples were sonicated (20 cycles, every cycle: 30 sec
ON /30 sec OFF, power high) to generate 200-500 base pairs fragments and centrifuged at 14000g
at 4°C. Supernatants were diluted in a dilution buffer (1.1% Triton X100, 1.2 mM EDTA, 16.7
mM Tris-HCI, 167 mM NacCl). The diluted chromatin was incubated with 2 mg of anti- PPARy
antibody (Abcam Cat. # ab41928), overnight at 4°C. To monitor the specificity of ChIP assays,
samples were also immunoprecipitated with a specific-antibody isotype matched control
immunoglobulin (IgG). 10ul of Dynabeads Protein G (Invitrogen, Cat. # 10003D) were added to
the supernatant and incubated for 2 hrs at 4°C. Beads were recovered, washed in low salt buffer,

high salt buffer, LiCl buffer, followed by washing in TE for three times. Elution buffer (300 mM
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NacCl, 0.5% SDS, 10 mM Tris-HCI, 5mM EDTA) was added to the washed beads, treated with
RNase at 37°C for 2 hrs and Proteinase K at 65°C overnight. Equal amount of Phenol-Chloroform-
Isoamyl alcohol was added to the samples and the aqueous phase was recovered. DNA was
precipitated by adding 100% Ethanol, NaOAc and glycogen and kept at -20°C overnight. Samples
were centrifuged at 14000g for 30 min at 4°C and washed with 70% ethanol followed by
centrifugation at 14000g for 30 min at 4°C. Quantitative PCRs were performed using SsoAdvanced
Universal SYBR Green Supermix (Biorad Cat. N. 172-5270), according to the manufacturer’s
protocol. Primers wused for ChIP analysis by RT-PCR: Kcndl Forward: 5°-
CTCACGAGGCTAGGCAGTTC -3’, Kendl Reverse: 5’-CCTTGATCGGGTGACTTGTT -3
Gabrd Forward: 5’- CTGTTCACCTGCAATCAGGA-3’, Gabrd Reverse: 5°-
GGTCTGCCCTTGAGAAATGA -3’; Adora2a Forward: 5’- AAAGATGTGGGGGAGGAGTC

-3, Adora2a Reverse: 5°- TTGCCCTTTATCGGAGCTAA -3°.

Prostaglandins PGJ2 Analysis

15-deoxy-A'214-PGJ2 Elisa KIT (Enzo Life Sciences Cat. # ADI-900-023) was used to determine
striatal Prostaglandin J2 concentration. ELISA tests were performed following manufacturer’s
instructions. Samples were prepared as follows: striatal punches of the NAcc were minced in
Phosphate buffer and the solution was then acidified by addition of HC1 (2M) to pH 3.5. Samples
were centrifuged and the supernatant was passed through a C18 column (Pierce) and eluted with
20ul of ethyl acetate. After evaporation (O/N, RT), samples were reconstituted in 250ul of Assay

Buffer and used for the Elisa assay.
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Additional Statistical analyses

For all non-circadian statistics, data were analyzed either by Student’s t-test, or by two- or three-
way ANOVA (GraphPad Prism8.3.0), followed by Tukey’s or Bonferroni’s post hoc analyses,
as appropriate. Statistical significance was assigned with p-value < 0.05. For circadian analysis,

JTK Cycle was used with a p-value < 0.01 cutoff.

Data Availability
The GEO accession number for the RNA-seq data set reported in this paper is GSE142657

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE142657). RNA-seq data was used for

Figure 2, Figure 3, and Figure 4, and Supplementary Figures 1-4. UCSC mm10 mouse reference
genome was used for alignment. All the transcriptomic data associated with this work is publicly
available on the resource circadiomics.ics.uci.edu. PPARy ChIP-seq data used for Figure 4 was
downloaded from GEO, accession number GSE64458

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64458) (Soccio et al. 2015).
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Figure 1 Effects of Acute Cocaine on Circadian Clock Genes

a, Schematic of the experimental design in b. b, Actograms of 24 h locomotor activity in 12h-
Light/12h-Dark cycles in WT (n=5) and iMSN-D2RKO mice (n=4) during the 4 days preceding
and following cocaine administration. Cocaine (20 mg kg!, i.p.) was given once at ZT3 on day 4
(red arrowheads in 1a and 1b). ¢, Locomotor activity analyses from b in WT (circles) and iMSN-
D2RKO (squares) mice. Graphical representation of the number of beam breaks/min/circadian
time (ZT) during the days preceding (Pre-Cocaine; left) or following cocaine injection (Post-
Cocaine; right). d, Total beam breaks per phase in WT (circles) (n=5) and iMSN-D2RKO (squares)
(n=4); inactive phase (Light), active phase (Dark), Pre-cocaine (two-way ANOVA, Genotype: F(,
19y =27.31, p=0.0001; Time: F, 14) = 52.41, p<0.0001; Interaction: F(, 14) = 15.20, p=0.0016) and
Post-cocaine (two-way ANOVA, Genotype: Fq, 14 = 18.15, p=0.0008; Time: F, 14y = 31.86,
p<0.0001; Interaction: F(1, 14y = 12.01, p=0.0038). Tukey’s multiple comparison test p-values as
indicated. e, Left: The mean change in counts/min at each time point in pre-cocaine vs post-cocaine
time in WT (circles) and iMSN-D2RKO (squares). Right: same as e) left, but represented as
percent change during the light (ZT0-11) and dark (ZT12-23) phases. f, Schematic of the circadian
experimental design in g. Mice were injected with cocaine (20 mg kg!, i.p) at ZT3 and NAcc
samples were collected every 4 hours following cocaine injection at ZT 3, 7, 11, 15, 19 and 23
(arrows). g, Expression of core clock and clock-controlled genes: Bmall, Cryl, Dbp, and Perl in
WT saline (Sal; red circles) or cocaine (Coc; blue squares) and iMSN-D2RKO (Sal; yellow upward
triangles) or (Coc; green downward triangles) analyzed by quantitative real-time PCR
(n=3/genotype). (three-way ANOV A, For statistics see Supplementary Table 1). Data are presented
as mean values £ SEM.
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Figure 2 Cocaine Rewires the Striatal Circadian Transcriptome in WT mice

a, Venn diagram representing the striatal rhythmic genes in saline and cocaine treated WT mice (n
= 3, JTK Cycle, cutoff p<0.01). b, Radar plots representing the phase analysis of genes whose
expression is circadian in both saline (Sal) and cocaine (Coc) treated mice (left) and genes
exclusively circadian in saline or cocaine conditions (right). ¢, Heat maps representing genes
significantly circadian (n=3, JTK cycle, cutoff p<0.01) in saline- (left), in cocaine-treated mice
(right) and commonly circadian in saline and cocaine treated mice (middle). White and black bars
indicate the light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints respectively. d, Amplitude
analysis of striatal transcripts rhythmic in both saline (Sal) and cocaine (Coc) injected mice. The
percentage of genes with amplitude higher, lower or equal to saline condition is reported. e,
DAVID Gene Ontology Biological Process analysis of circadian genes oscillating in saline only
(left), both (middle) and cocaine only (right). Bar charts represent the -Log10(p-value) of each
enriched term. The number of genes identified in each pathway is shown in parenthesis.
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Figure 3 D2R ablation from iMSN reorganizes the striatal circadian transcriptome

a, Venn diagram of striatal oscillating genes in saline treated WT and iMSN-D2RKO mice (n =3,
JTK Cycle, cutoff p<0.01). b, Radar plots displaying the phase analysis of genes whose expression
is exclusively circadian in WT mice (left) or in iMSN-D2RKO saline-treated (Sal) mice (right). c,
Heat maps of genes significantly circadian (n=3, JTK Cycle, cutoff p<0.01) only in WT (left) or
in iMSN-D2RKO (right) saline-treated mice. White and black bars indicate the light (ZT3, 7, 11)
and dark (ZT15, 19, 23) timepoints respectively. d, DAVID Gene Ontology Biological Process
analysis of circadian genes oscillating in saline WT only (left) and in saline iMSN-D2RKO only
(right). Bar charts represent the -Logl0(p-value) of each enriched term. The number of genes
identified in each pathway is shown in parenthesis. e, Venn diagram of striatal oscillating genes in
cocaine treated WT and iMSN-D2RKO mice (n = 3, JTK Cycle, cutoff p<0.01). f, Radar plots
displaying the phase analysis of genes whose expression is exclusively circadian in WT (left) or
in iIMSN-D2RKO cocaine-treated (Coc) mice (right). g, Heat maps of genes significantly circadian
(n=3, JTK Cycle, cutoff p<0.01) only in WT (left) or in iMSN-D2RKO (right) cocaine-treated
mice. White and black bars indicate the light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints
respectively. h, DAVID Gene Ontology Biological Process analysis of circadian genes oscillating
in cocaine WT only or in cocaine iMSN-D2RKO only. Bar charts represent the -Log10(p-value)
of each enriched term. The number of genes identified in each pathway is shown in parenthesis.
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Figure 4 Cocaine-driven de novo oscillation of PP ARy target genes

a, Comparison of transcription factor binding site (TFBS) analysis between WT saline (Sal), WT
cocaine (Coc), IMSN-D2RKO saline, and iMSN-D2RKO cocaine. The charts report the -Log10(p-
value). b, Venn diagram representing the rhythmic PPARy target transcripts after cocaine
treatment in WT and iIMSN-D2RKO mice (n = 3, JTK Cycle, cutoff p<0.01). ¢, Heat map
displaying PPARY target genes oscillating only in WT cocaine-treated mice compared to iMSN-
D2RKO cocaine-treated mice (n=3, JTK Cycle, cutoff p<0.01). White and black bars indicate the
light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints respectively. d, Radar plots displaying the
phase analysis of PPARY target genes whose expression is exclusively circadian in WT cocaine-
treated (Coc) mice. e, DAVID Gene Ontology Biological Process analysis of oscillatory PPARy
target genes in cocaine-treated WT mice (n=3, JTK Cycle, cutoff p<0.01). Bar charts represent
the -Log10(p-value) of each enriched term. The number of genes identified in each pathway is
shown in parenthesis.
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Figure 5 Cocaine-induced nuclear PPARY is impaired in iMSN-D2RKO mice

a, Immunolabeling of PPARYy and nuclei on striatal sections of saline and cocaine treated WT and
iIMSN-D2RKO mice. Scale bar: 25 um. b, Quantification of the fluorescent intensity of PPARYy
immunolabeling in WT and iMSN-D2RKO mice treated with saline (Sal; WT: red circles; iMSN-
D2RKO: yellow upward triangles) or cocaine (Coc; WT: blue squares; iIMSN-D2RKO: green
downward triangles). Data were analyzed by two-way ANOVA using the mean + SD of
intensity/cell for each biological replicate (n=4/group) (Genotype: Fq, 12) = 8.458, p=0.0131;
Treatment: F(1, 12) = 91.23, p<0.0001; Interaction: F, 12y = 12.81, p=0.0038), Tukey’s multiple
comparison test. ¢, Quantification of PPARy positive neurons with the indicated treatment
(n=3/group). Significance was calculated using two-way ANOVA (Genotype: Fq, sy = 16.87,
p=0.0034; Treatment: F(1,s) = 54.77, p<0.0001; Interaction: F(1, sy = 3.474, p=0.0993) Tukey’s
multiple comparison test. d, Double in-situ/immunofluorescence for Enkephalin (Enk) or DIR
mRNA and PPARY protein in cocaine treated WT and iMSN-D2RKO mice. Scale bar: 50 um. e,
Percentage of PPARY- and Enk- or D1R-positive cells in cocaine and saline treated WT and iMSN-
D2RKO mice (Enk: n=3/group; D1R: n=3 WT Sal, n=3 WT Coc, n=3 iMSN-D2RKO Sal, n=4
iIMSN-D2RKO Coc). Two-way ANOVA (Enk: Genotype: F(1, 8 = 0.1782, p=0.6841; Treatment:
Fa, s = 18.69, p=0.0025; Interaction: F(1,8) = 10.53, p=0.0118; DIR: Genotype: F,9 = 7.117,
p=0.0257; Treatment: F(1,9) = 0.06215, p=0.8087; Interaction: F(1,9) = 0.1943, p=0.6697). Tukey’s
multiple comparison test. Data in ¢ and e are presented as mean values + SEM.
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Figure 6 PPARYy signaling is altered in iIMSN-D2RKO mice

a, Heatmap of the 180 metabolites analyzed in WT and iMSN-D2RKO mice, either saline or
cocaine-treated (n=5/group). Metabolites were measured at ZT7 after saline or cocaine was
injected at ZT3. Classes of metabolites measured are indicated on the right. b, Prostaglandin PGJ2-
type (15-deoxy-A!>'*-PGJ2) concentration assessed by enzyme-linked immunosorbent assay
(ELISA) at ZT7 in WT and iMSN-D2RKO mice treated with saline (Sal: WT, red circles; iMSN-
D2RKO, yellow upward triangles) or cocaine (Coc: WT, blue squares; iMSN-D2RKO, green
downward triangles) (n=5/group/genotype). Two-way ANOVA (Genotype: Fq, 16) = 0.1696,
p=0.0008; Treatment: F1, 16y = 7.719, p=0.0134; Interaction: F(1, 16) = 0.6034, p=0.4486). Tukey’s
multiple comparison test p-values as indicated. ¢, Circadian expression of selected PPARY target
genes AdoraZa, Kendl, Gabro as determined by quantitative real time PCR (n=3/group). WT Sal
(red circles), WT Coc (blue squares), IMSN-D2RKO Coc (green downward triangles). Two-way
ANOVA Adora2a WT Sal vs WT Coc: Treatment: F(1,24) = 4.372, p=0.0473; Time: F(s,24) = 4.253,
p=0.0065; Interaction: Fs, 24y = 3.983, p=0.0090; Adora2a WT Coc vs iMSN-D2RKO Coc:
Genotype: F(1,24)=0.4260, p=0.5201; Time: F(s,24) = 7.429, p=0.0002; Interaction: Fs,24)=4.363,
p=0.0058; Kcndl WT Sal vs WT Coc: Treatment: F(1,24) = 10.98, p=0.0029; Time: Fs,24)=6.118,
p=0.0009; Interaction: Fs, 24y = 1.640, p=0.1878; Kcndl WT Coc vs iMSN-D2RKO Coc:
Genotype: F1,24) = 5.302, p=0.0303; Time: F(s,24) = 4.360, p=0.0058; Interaction: Fs, 24) = 2.743,
p=0.0426; Gabro WT Sal vs WT Coc: Treatment: F(1,24) = 2.940, p=0.0993; Time: F(s,24) = 2.690,
p=0.0456; Interaction: Fs, 24y = 2.124, p=0.0972; Gabré WT Coc vs iMSN-D2RKO Coc:
Genotype: F(1,24) = 15.59, p=0.0006; Time: F(s,24) = 5.308, p=0.0020; Interaction: F(s,24) = 3.961,
p=0.0092. Bonferroni’s multiple comparison test p-values as indicated. d, Chromatin recruitment
of PPARy at PPAR response element (PPRE) binding site contained in Adora2a (p=0.0361; WT
Coc (blue squares) n=5, iMSN-D2RKO Coc (green downward triangles) n=>5, IgG (grey X’s) n=2),
Kendl (p=0.0252; WT Coc n=5, n=4 iMSN-D2RKO Coc, IgG n=2) and Gabrd promoters
(p=0.1549; WT Coc n=5, iMSN-D2RKO Coc n=4, [gG n=2. unpaired Student’s t-test. Data are
presented as mean values = SEM.
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Figure 7 Pharmacological activation of PPARY restores PPARY signaling in iMSN-D2RKO
mice

a, Schematic representation of the experimental design, arrowheads indicate the time and treatment
of Pioglitazone (blue) and Cocaine treatments (red). b, Expression of selected PPARY target genes
AdoraZa, Kendl, and Gabro as determined by quantitative real time PCR at ZT7 and ZT19 in
presence or absence of Pioglitazone (60 mg kg™ prior to saline or cocaine (20 mg kg™!) (Adora2a
ZT7: Genotype: F(1, 25 = 2.003, p=0.1693; Treatment: F, 25) = 4.682, p=0.0099; Interaction: F,
25) = 2.479, p=0.0845 (Vehicle and Saline: WT n=6, iMSN-D2RKO n=5; Vehicle and Cocaine:
WT n=5, iIMSN-D2RKO n=4; Pioglitazone and Saline: WT n=3, iMSN-D2RKO n=3; Pioglitazone
and Cocaine: WT n=3, iMSN-D2RKO n=4); Kcndl ZT7: Genotype: F(,34) = 26.20, p<0.0001;
Treatment: F, 34) = 20.05, p<0.0001; Interaction: F(3, 34y = 3.130, p=0.0383 (Vehicle and Saline:
WT n=6, iIMSN-D2RKO n=7, Vehicle and Cocaine WT n=7, iMSN-D2RKO n=7; Pioglitazone
and Saline: WT n=3, iMSN-D2RKO n=4, Pioglitazone and Cocaine WT n=4, iMSN-D2RKO
n=4); Gabro ZT7 Genotype: F, 290 = 7.445, p=0.0107; Treatment: F, 209 = 11.26, p<0.0001;
Interaction: F3,29) = 3.378, p=0.0315 (Vehicle and Saline: WT n=6, iIMSN-D2RKO n=5, Vehicle
and Cocaine: WT n=6, iMSN-D2RKO n=6; Pioglitazone and Saline: WT n=4, iMSN-D2RKO
n=4; Pioglitazone and Cocaine: WT n=3, iMSN-D2RKO n=3); Adora2a ZT19: Genotype: F(1.30)
= 1.352, p=0.2540; Treatment: F, 30) = 2.071, p=0.1250; Interaction: F, 30) = 1.406, p=0.2603
(Vehicle and Saline: WT n=6, iMSN-D2RKO n=6; Vehicle and Cocaine: WT n=5, iIMSN-D2RKO
n=7; Pioglitazone and Saline: WT n=3, iMSN-D2RKO n=3; Pioglitazone and Cocaine WT n=4,
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iIMSN-D2RKO n=4); Kcndl ZT19: Genotype: Fq, 34y = 1.903, p=0.1767; Treatment: F3, 34) =
0.7013, p=0.5578; Interaction: F,34) = 0.3919, p=0.7596 (Vehicle and Saline: WT n=6, iMSN-
D2RKO n=7; Vehicle and Cocaine WT n=7, iMSN-D2RKO n=7; Pioglitazone and Saline: WT
n=4, iIMSN-D2RKO n=3; Pioglitazone and Cocaine: WT n=4, iMSN-D2RKO n=4); Gabro ZT19
Genotype: F(,32) = 0.09598, p=0.7587; Treatment: F, 32) = 0.8134, p=0.4959; Interaction: F, 32
=0.8259, p=0.4893 (Vehicle and Saline: WT n=6, iMSN-D2RKO n=7; Vehicle and Cocaine WT
n=6, IMSN-D2RKO n=6; Pioglitazone and Saline WT n=3, iMSN-D2RKO n=4; Pioglitazone and
Cocaine: WT n=4, iMSN-D2RKO n=4)). Tukey’s multiple comparison test p-values as indicated.
Data are presented as mean values = SEM. ¢, Simplified overview depicting D2R-mediated
cocaine effect on circadian transcription of PPARY target genes through PPARy activation by
prostaglandins (PGJ2). Dopamine (DA) activation of D2R stimulates Phospholipase A2 (PLA2)
converting phosphatidylcholine (PC) to lysophosphatidylcholine (Lyso PC) and arachidonic acid
(AA); AA is later converted into Prostaglandin (PGJ2). PGJ2 induces PPARY nuclear translocation
and transcriptional activation.
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Supplementary Figure 1. Pathway analyses in WT and iMSN-D2RKO mice

a-c, Reactome Pathway analysis of circadian genes oscillating in saline only (a), cocaine only (b),
and both (c). Bar charts represent the -Log10(p-value) of each enriched term. The number of genes
identified in each pathway is shown in parenthesis.
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Supplementary Figure 2 Phase and pathway analyses in WT and iMSN-D2RKO
saline-treated mice

a, Radar plots representing the phase analysis of genes whose expression is circadian in both WT
and iIMSN-D2RKO saline-treated (Sal) mice. b, Heat maps representing genes significantly
circadian (n=3, JTK cycle, cutoff p<0.01) in both WT and iMSND2RKO saline-treated mice.
White and black bars indicate the light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints
respectively. ¢, Amplitude analysis of NAcc transcripts thythmic in “both” WT and iMSN-
D2RKO saline-treated mice. The percentage of genes with amplitude higher, lower or equal to WT
is reported. d and e, Reactome Pathway analysis of circadian genes oscillating in WT only (d) and
iMSN-D2RKO only (e) saline treated mice. Bar charts represent the -Logl0(p-value) of each
enriched term. The number of genes identified in each pathway is shown in parenthesis. f, DAVID
Gene Ontology Biological Process analysis of circadian genes oscillating in both WT and iMSN-
D2RKO saline-treated mice. Bar charts represent the -Log10(p-value) of each enriched term. g,
Reactome Pathway analysis of circadian genes oscillating in both WT and iMSN-D2RKO saline-
treated mice. Bar charts represent the -Log10(p-value) of each enriched term. The number of genes
identified in each pathway is shown in parenthesis.
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Supplementary Figure 3 Phase and pathway analyses in WT and iMSN-D2RKO
cocaine-treated mice

a, Radar plots representing the phase analysis of genes whose expression is circadian in both WT
and iIMSN-D2RKO cocaine-treated (Coc) mice. b, Heat maps representing genes significantly
circadian (n=3, JTK cycle, cutoff p<0.01) in both WT and iMSND2RKO cocaine-treated mice.
White and black bars indicate the light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints
respectively. ¢, Amplitude analysis of striatal transcripts rhythmic in “both” WT and iMSN-
D2RKO cocaine-treated mice. The percentage of genes with amplitude higher, lower or equal to
WT is reported. d and e, Reactome Pathway analysis of circadian genes oscillating in WT only (d)
and iMSN-D2RKO only (e) cocaine-treated mice. Bar charts represent the -Log10(p-value) of each
enriched term. The number of genes identified in each pathway is shown in parenthesis. f, DAVID
Gene Ontology Biological Process analysis of circadian genes oscillating in both WT and iMSN-
D2RKO cocaine-treated mice. Bar charts represent the -Log10(p-value) of each enriched term. g,
Reactome Pathway analysis of circadian genes oscillating in both WT and iMSN-D2RKO cocaine-
treated mice. Bar charts represent the -Log10(pvalue) of each enriched term. The number of genes
identified in each pathway is shown in parenthesis.
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Supplementary Figure 4 Pathway analysis of PPAR target genes in WT cocaine treated
Mice

a, Reactome pathway analysis of oscillatory PPARY target genes in cocaine-treated WT mice (n=3,

JTK Cycle, cutoff p <0.01). Bar charts represent the -Log10(p-value) of each enriched term. The
number of genes identified in each pathway is shown in parenthesis.
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Supplementary Table 1 Statistics for Figure 1g

Bmal1 SS DF MS F (DFn, DFd) P value

Time 1.811 5 0.3622 F (5, 48) = 6.805 P<0.0001

Treatment 0.1942 1 0.1942 F (1, 48) = 3.649 P=0.0621

Genotype 0.2022 1 0.2022 F (1,48)=3.798 P=0.0572

Time x Treatment 0.4559 5 0.09119 F (5,48)=1.713 P=0.1497

Time x Genotype 0.2632 5 0.05264 F (5, 48) = 0.9889 P=0.4345

Treatment x Genotype 0.1025 1 0.1025 F (1,48) = 1.926 P=0.1716

Time x Treatment x Genotype 0.1459 5 0.02917 F (5, 48) = 0.5481 P=0.7389
Cry1 SS DF MS F (DFn, DFd) P value

Time 1.743 5 0.3487 F (5,48) =5.429 P=0.0005

Treatment 0.006013 1 0.006013 F (1, 48) = 0.09362 P=0.7609

Genotype 0.1796 1 0.1796 F (1,48) =2.796 P=0.1010

Time x Treatment 0.3174 5 0.06349 F (5, 48) = 0.9885 P=0.4346

Time x Genotype 0.08598 5 0.0172 F (5, 48) = 0.2678 P=0.9285
Treatment x Genotype 0.1282 1 0.1282 F (1, 48) = 1.996 P=0.1641

Time x Treatment x Genotype 0.17 S 0.034 F (5, 48) = 0.5294 P=0.7529
Per1 SS DF MS F (DFn, DFd) P value

Time 0.9461 5 0.1892 F (5,48)=6.215 P=0.0002

Treatment 0.005365 1 0.005365 F (1, 48)=0.1762 P=0.6765

Genotype 0.3202 1 0.3202 F (1,48)=10.52 P=0.0022

Time x Treatment 0.685 5 0.137 F (5, 48) = 4.500 P=0.0019

Time x Genotype 0.1803 5 0.03607 F (5,48)=1.185 P=0.3307
Treatment x Genotype 0.0006089 1 0.0006089 F (1, 48) = 0.02000 P=0.8881

Time x Treatment x Genotype 0.08812 5 0.01762 F (5, 48) = 0.5789 P=0.7159
Dbp SS DF MS F (DFn, DFd) P value

Time 7.595 5 1.519 F (5, 48) = 6.853 P<0.0001

Treatment 0.7277 1 0.7277 F(1,48)=3.283 P=0.0762

Genotype 0.002965 1 0.002965 F (1,48)=0.01338 P=0.9084

Time x Treatment 0.9625 5 0.1925 F (5, 48) = 0.8685 P=0.5092

Time x Genotype 0.364 5 0.07281 F (5,48)=0.3285 P=0.8933

Treatment x Genotype 0.0834 1 0.0834 F (1, 48) = 0.3763 P=0.5425

Time x Treatment x Genotype 1.899 5 0.3799 F(5,48)=1.714 P=0.1495
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Chapter 4: Dopamine D2 receptor signaling in the brain modulates circadian liver

metabolomic profiles

ABSTRACT

The circadian clock is tightly intertwined with metabolism and relies heavily on multifaceted
interactions between organ systems to maintain proper timing. Genetic and/or environmental
causes can disrupt communication between organs and alter rhythmic activities. Substance use
leads to altered dopamine signaling followed by reprogramming of circadian gene expression and
metabolism in the reward system. However, whether altered dopamine signaling in the brain
affects circadian metabolism in peripheral organs has not been fully explored. We show that
dopamine D2 receptors (D2R) in striatal medium spiny neurons (MSNs) play a key role in
regulating diurnal liver metabolic activities. In addition, drugs that increase dopamine levels, such
as cocaine, disrupt circadian metabolic profiles in the liver which is exacerbated by loss of D2R
signaling in MSNs. These results uncover a strict communication between neurons/brain areas and

liver metabolism, as well as the association between substance use and systemic deficits.
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SIGNIFICANCE STATEMENT

In this study, we analyzed the liver metabolome of mice deficient in the expression of the dopamine
D2 receptor (D2R) in striatal medium spiny neurons (iIMSN-D2RKO mice) and found profound
changes in the liver circadian metabolome as compared to control mice. In addition, we show that
activation of dopaminergic circuits by acute cocaine administration in iIMSN-D2RKO mice
reprograms the circadian liver metabolome in response to cocaine. D2R signaling in medium spiny
neurons is key for striatal output and is essential for regulating the first response to the cellular and
rewarding effects of cocaine. Thus, our results suggest that changes in dopamine signaling in
specific striatal neurons evoke major changes in liver physiology. Dysregulation of liver
metabolism could contribute to an altered allostatic state and therefore be involved in continued

use of drugs.
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INTRODUCTION

Substance use disorders affect millions of people world-wide (Grant et al. 2016). The
rewarding properties of substances such as alcohol, nicotine, opioids, and psychostimulants, are
linked to their ability to increase dopamine levels in brain areas that control emotions and induce
pleasure (Di Chiara and Imperato 1988). Drug intake modifies neuronal plasticity and is at the start
of the process of addiction, which leads vulnerable individuals to continually seek and abuse these
substances despite the adverse consequences on their lives. Addiction causes long-term molecular
and cellular changes in brain circuits involved in signaling reward (Nestler 2013).

The striatum is a key reward region that receives dopaminergic inputs from the ventral
tegmental area and substantia nigra. Dorsal and ventral regions of the striatum are critical for the
effects of addictive drugs. The dorsal striatum is critical for the motor stimulating effects of drugs,
decision making, and habitual behavior (Balleine et al. 2007; Burton et al. 2015; Lipton et al.
2019). On the other hand, the ventral striatum - particularly the nucleus accumbens (NAcc), is
involved in reward evaluation and incentive-based learning (Schultz et al. 1992; Alcaro et al. 2007;
Daniel and Pollmann 2014). Prominent cell types in the striatum are the inhibitory y-aminobutyric
acid-producing medium spiny neurons (MSNs), which make up 90-95% of the striatal neuronal
population (Graveland and DiFiglia 1985). Two output pathways originate from MSNs - the direct
pathway formed by MSNs (dMSNs) expressing dopamine D1 receptors (D1R) and the indirect
pathway formed by MSNs (iMSNs) expressing dopamine D2 receptors (D2R). Dopamine
signaling in dMSNs and iMSNs is critical for the integration of- and response to- rewarding
stimuli. Dysregulation of these neurons’ activity has been extensively implicated in addiction

(Lobo and Nestler 2011).
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The development and progression of substance use disorders generates perturbations in
circadian rhythms (Hasler et al. 2012; Logan et al. 2014). Disrupted circadian rhythms may result
from a combination of substance abuse with genetic and environmental factors (Hasler et al. 2012;
Logan et al. 2014), which interfere with metabolism. Transcription factors, CLOCK and BMALI,
regulate the rhythmic expression of mammalian clock-controlled genes (Asher and Sassone-Corsi
2015). Among these genes, Period (Perl-3), and Cryptochrome (Cryl-2) subsequently inhibit
CLOCK-BMALIl-mediated gene expression (Green et al. 2008), driving a transcriptional-
translational circadian feedback loop that operates in a 24-hour cycle.

Importantly, the circadian clock is a network of biological pacemakers, found in virtually
all tissues of the body. These pacemakers direct and maintain proper rhythmic homeostasis through
various endocrine and metabolic pathways (Partch et al. 2014; Bass and Lazar 2016). Circadian
clocks are influenced by environmental cues such as food intake, physical exercise, and social
activities that show tissue-specific effects (Welsh et al. 2010; Albrecht 2012). Indeed, the same
clock genes display tissue-specific profiles dictated by the transcriptional machinery unique to
each tissue and condition; thus, generating large networks of oscillating clocks.

Inter-organ communication is critical for maintaining organismal synchrony and systemic
homeostasis as demonstrated by the plastic response of metabolites among various organs upon an
environmental stressor (Mohawk et al. 2012). We investigated the inter-organ communication
between the striatum and the liver by analyzing wild type (WT) mice and their littermates carrying
a cell-specific deletion of D2R in iMSNs (iMSN-D2RKO). We further deepened our studies by
analyzing this inter-organ communication in response to a widely abused drug, cocaine, as an
external stressor. This way, we assessed whether cocaine-induced dopamine elevation in the

striatum might affect liver homeostasis and the circadian fluctuation of metabolites. Interestingly,
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in addition to metabolic changes found in untreated mice between genotypes, cocaine
administration in iMSN-D2RKO mice leads to reprogramming of circadian gene expression in the
NAcc (Eckel-Mahan et al. 2013). While an acute cocaine challenge induces variation in the profiles
of rhythmic metabolites in the liver of WT mice, in iMSN-D2RKO mice, loss of D2R in the
striatum alters this rhythmic profile. We determined the time-dependent distribution of metabolites
in the liver after acute cocaine treatment. Furthermore, we observed dynamic diurnal changes in
the number and class of rhythmic metabolites in saline-treated mice. Strikingly, the liver of mice
administered cocaine showed a dampened response to the time-of-day variances. In combination
with loss of D2R in iMSNSs, cocaine increased the total number of oscillating metabolites as
compared to WT mice. These results indicate that environmental and genetic changes in brain
areas central for the rewarding effects of cocaine affect liver metabolic responses. Thus, we reveal
a tight inter-organ interaction in response to cocaine, which strongly modifies the basal physiology
and circadian rhythms not only in the brain (Brami-Cherrier et al. 2020), but also in the liver. These
results highlight an unexpected level of communication between striatal neurons and liver

metabolism, which might also contribute to development of substance use disorders.

77



RESULTS

Diurnal metabolic behavioral phenotypes of iIMSN-D2RKO mice

In the striatum, dopamine receptor signaling is critical for the control of physiological
responses including eating (Volkow et al. 2011) and motor behavior (Salamone 1992) which
greatly influence metabolism. Thus, we analyzed the impact of typical or altered dopamine D2R
signaling in the striatum on physiological parameters through comparisons between WT mice and
littermates with the specific deletion of D2R in iMSNs (iMSN-D2RKO).

Since food intake and motor activity influence body weight (Foster-Schubert et al. 2012),
we recorded the weights of mice of both genotypes from birth to adulthood. Interestingly, we
observed no differences in body weight during the first 5 weeks after birth; thereafter, iIMSN-
D2RKO mice had reduced weight in comparison to WT controls (Two-Way ANOVA Mixed-
effects analysis; Time F(6436=548.7 p<0.0001, Genotype F(1,41)=78.08 p<0.0001, Interaction
Fae436=2.24 p=0.0040) (Fig 1A). Thus, we examined diurnal activity and energy expenditure
along with eating and drinking behaviors in calorimetic cages which could explain this difference
between adult iIMSN-D2RKO and WT mice. In agreement with previous data (Kharkwal et al.
2016b), we found that in actimetric cages, iIMSN-D2RKO mice show significantly lower beam
break counts as compared to WT littermates during their active phase (dark phase, p=0.0099), but
not during their inactive phase (light phase, p=0.9922) (Fig. 1B). Moreover, energy expenditure
of iIMSN-D2RKO mice was markedly reduced in both dark (p=0.0001) and light phases
(p=0.0125) (Fig. 1C), as compared to WT littermates. Relatedly, iMSN-D2RKO mice showed

decreased chow consumption (Fig. 1D) as compared to their WT littermates during the dark phase
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(p=0.0019), but not the light phase (p=0.5951); the same trend was observed for water intake
(Dark, p=0.0345; Light, p=0.4292) (Fig. 1E). Interestingly, despite decreased chow consumption
and lower weight, adult iMSN-D2RKO mice had significantly higher gonadal fat content as

compared to their WT counterparts (p=0.0001) (Fig. 1F).

Profiling of the circadian metabolome in iMSN-D2RKO mouse liver

The liver plays a central role in metabolic processes. Both genetic and environmental
challenges are capable of reprogramming the liver metabolome (Eckel-Mahan et al. 2012, 2013;
Adamovich et al. 2014; Masri et al. 2014; Aviram et al. 2016; Krishnaiah et al. 2017; Dyar et al.
2018) along the circadian cycle. Thus, we analyzed hepatic metabolites during the circadian cycle
in IMSN-D2RKO and WT siblings. For this, we harvested liver tissue from mice of both genotypes
every four hours spanning a full circadian cycle for a total of six time points (ZT 3, 7, 11, 15, 19,
23). Gene expression of core clock genes confirmed the rhythmicity of the samples used for
metabolite analyses (Fig. S1). The hepatic metabolome was quantified by mass spectrometry.
Circadian rhythmicity was analyzed using JTK CYCLE(33), a non-parametric test, to determine
the number of significantly oscillating (p<0.05; with a period of ~24h) circadian metabolites for
each genotype (Fig. 2A). We found nearly 20% of the 180 metabolites analyzed were significantly
oscillating (p<0.05) in both genotypes (34 and 32 metabolites in the WT and iMSN-D2RKO mice,
respectively). This finding is in general agreement with the percentage of rhythmic metabolites
identified in previous studies (Eckel-Mahan et al. 2012, 2013; Adamovich et al. 2014; Masri et al.
2014; Aviram et al. 2016; Krishnaiah et al. 2017; Dyar et al. 2018). Importantly, ~80% of the

oscillating metabolites were lipids including acylcarnitines, phosphatidylcholines,
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sphingomyelins, and lysophosphatidylcholines. The remaining oscillating metabolites belonged to
the amino acids and biogenic amines groups (Fig. 2B). Specifically, ~32% of the rhythmic
metabolites in the WT and 46% in the iIMSN-D2RKO livers were amino acid-derived metabolites.
Phase analyses revealed ZT8 and ZT14-18 as the main timepoints at which circadian metabolites
peak in abundance (Fig. 2C). Likewise, the amplitudes of the oscillating metabolites are nearly
consistent in both WT and iMSN-D2RKO mice (Fig. S2A). These data show that rhythmic
metabolites in WT and iMSN-D2RKO livers display similar circadian patterns. However, in
addition to a subset of metabolites that oscillate in both genotypes, and despite the similarities in
circadian parameters, comparisons of individual metabolites oscillating in each genotype
identified unique metabolites exclusively oscillating either in WT or in iMSN-D2RKO livers (Fig.
2D and 2E). Surprisingly, in iMSN-D2RKO mice, ~44% of liver metabolites lost rhythmicity
when compared to WT controls. In addition, ~40% of metabolites show de novo oscillations in
iMSN-D2RKO livers not observed in the WT. Among the metabolites analyzed, acylcarnitines
show the greatest loss of rhythmicity in iIMSN-D2RKO livers (Fig. 2F and 2G). We analyzed the
circadian gene expression profile of the metabolic enzyme carnitine palmitoyltransferase 1A
(Cptla) which catalyzes the transfer of an acyl-group onto carnitines in the production of
acylcarnitines, which showed a significantly elevated expression in iIMSN-D2RKO mouse liver at
ZT11 and ZT15 by qPCR (Fig. S2B). It is tempting to speculate that this increased expression is
likely to contribute to the loss of rhythmicity of the five acylcarnitines in the IMSN-D2RKO livers
(Fig. S2C). Conversely, a three-fold increase was found for newly oscillating metabolites in the
iIMSN-D2RKO livers, which consisted of some amino acids, including methionine and leucine.
Metabolites consistently rhythmic in both genotypes included amino acids, biogenic amines,

acylcarnitines and phosphatidylcholines. These analyses demonstrate a previously ignored
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influence of striatal neurons on the liver, as distinct metabolites show altered circadian profiles in

the liver of iIMSN-D2RKO mice as compared to WT.

Loss of D2R in iMSNs alters the rhythmic liver metabolome of cocaine treated mice

The impact of absent D2R signaling in iMSNs on circadian liver metabolites under basal
conditions (saline) prompted us to analyze the effect of a dopaminergic challenge on liver
metabolism in WT and mutant mice. We used cocaine which is known to increase dopamine levels
in the striatum and disrupt the circadian cycle (Brami-Cherrier et al. 2020). For this, we compared
the liver metabolome in saline- and cocaine- treated (administered at ZT3) WT and iMSN-D2RKO
mice. Strikingly, ~73% of the metabolites oscillating in saline treated WT mice lose their
rhythmicity after cocaine administration. Only ~26% of the previously oscillating metabolites in
saline conditions retain their rhythmicity after acute cocaine (Fig. 3A and 3B). The amplitude of
circadian oscillations in both saline and cocaine treated WT mice followed similar patterns,
indicating that the robustness of the oscillations is unchanged by cocaine (Fig. S3A). Intriguingly,
in WT livers, cocaine administration led to four times less oscillating acylcarnitines (Fig. 3C). 25%
of circadian metabolites in IMSN-D2RKO livers lost rhythmicity after cocaine

as compared to saline treated control mouse tissue (Fig. 3D). Conversely, 75% of oscillating
metabolites in saline treated iIMSN-D2RKO mice are unaffected by cocaine administration.
Nevertheless, a staggering number of de novo oscillating metabolites were induced in iMSN-
D2RKO livers after cocaine treatment as compared to livers from saline treated mice (Fig. 3D and
3E). Treatments (Sal or Coc) did not affect the amplitude of the oscillations in iIMSN-D2RKO liver

metabolites (Fig. S3B). Interestingly, the number of rhythmic acylcarnitines and
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phosphatidylcholines identified in the cocaine treated iIMSN-D2RKO mice increased well above
that of saline treated mice (Fig. 3F). Thus, loss of D2R signaling in the striatal iMSNs critically
affects hepatic metabolism not only under basal conditions, but also in response to a cocaine
challenge.

Cocaine disrupts circadian gene expression and metabolic profiles in the striatum involving
D2R-mediated regulation of iMSNs(Lynch et al. 2008; Brami-Cherrier et al. 2020). Thus, we
analyzed and compared the full circadian metabolic profiles of livers from iMSN-D2RKO and WT
mice given a single injection of cocaine at ZT3 (Fig. 3G-I). No major changes were observed in
the amplitude of oscillating metabolites common between cocaine treated iMSN-D2RKO and WT
mice (Fig. S3C). Moreover, 16% of detected metabolites were oscillating in WT mice treated with
cocaine, whereas up to ~41% were oscillating in iIMSN-D2RKO mice (Fig. 3G). Additionally, the
phase of the identified circadian metabolites did not coincide between cocaine treated WT and
iIMSN-D2RKO mice. In WT mice, the peak in rhythmicity during the light phase was observed
around ZT8, whereas in IMSN-D2RKO mice it shifted between ZT2-ZT6. This difference in peak
between the WT and iMSN-D2RKO cocaine treated groups is not dependent on the injection itself,
as all groups received an injection of saline or cocaine at the same time point. On the contrary, the
dark phase metabolite peak at about ZT16 remained consistent in both genotypes (Fig. 3H).
Notably, in WT cocaine-treated mice, acylcarnitines comprised only ~7% of oscillating
metabolites in the liver, but made up ~30% of circadian metabolites in iIMSN-D2RKO mice (Fig.
31). Our data point to a striatal D2R-mediated control of circadian liver metabolites and shows that

dopamine signaling in the brain contributes to the regulation of liver physiology.
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Effects of cocaine on the diurnal liver metabolome

Environmental cues including light, food intake, and exercise help maintain circadian
synchrony of central and peripheral tissues (Tahara et al. 2017). Disturbances to these cues can
result in systemic clock desynchrony and have detrimental effects on the organismal
homeostasis(Patke et al. 2020). To determine time-of-day dependent differences in metabolite
levels in the liver, we compared the metabolomic profiles of cocaine treated WT and iMSN-
D2RKO mice during the light and dark phases at ZT11 and ZT23, the last time points in each
phase, respectively (Fig. 4A). The majority of the metabolomic changes observed in the WT saline-
treated mouse liver between ZT11 and 23 are found in phosphatidylcholines, acylcarnitines and,
to a lesser extent, biogenic amines (p<0.05, ANOVA Benjamini-Hochberg corrected). Only after
cocaine treatment did time-of-day dependent metabolites in the WT liver include sphingomyelins
and lysophosphatidylcholines (p<0.05, ANOVA Benjamini-Hochberg corrected) (Fig. 4A).
iIMSN-D2RKO mice treated with cocaine show a striking decrease in the number of
phosphatidylcholines that change with time in the liver (p<0.05, ANOVA Benjamini-Hochberg
corrected), an indication that a combination of cocaine and a loss of D2R greatly perturb
phospholipid metabolism. Principal component analysis was performed to assess the correlation
between and within the four experimental conditions: WT saline, WT cocaine, iMSN-D2RKO
saline and iIMSN-D2RKO cocaine at each time point (Fig. S4). When both time points are
combined, no obvious correlation can be determined among the four datasets, suggesting the
genotype x treatment interaction is influenced by time. Indeed, when separated by time point,
clusters for each group are apparent, although less so at ZT23 (Fig. S4). Further, we compared the

upregulation of the metabolites at ZT11 and ZT23 (Fig. 4B). In the liver of saline treated mice, we
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found over 50% of the metabolites that change between time points exhibited higher levels during
the dark phase (ZT23) (p<0.05, ANOVA Benjamini-Hochberg corrected). Indeed, in the saline
condition, a time-dependent upregulation of phosphatidylcholines was observed at ZT23 in the
WT and iMSN-D2RKO livers (Fig. 4C). Surprisingly, cocaine reversed this trend and induced
higher metabolite levels at ZT11 than at ZT23 in the liver of WT mice (p<0.05, ANOVA
Benjamini-Hochberg corrected) (Fig. 4B). Cocaine upregulated lysophosphatidylcholines,
sphingomyelins, and phosphatidylcholines in the WT mice at ZT11 (p<0.05, ANOVA Benjamini-
Hochberg corrected). Conversely, at ZT11, livers of cocaine-treated iMSN-D2RKO mice show an
upregulation primarily of amino acids and biogenic amines (p<0.05, ANOVA Benjamini-
Hochberg corrected). Taken together, our findings demonstrate that disrupted D2R signaling in

iMSNs and an acute cocaine challenge alters temporal liver metabolism.

DISCUSSION

Drugs of abuse hijack brain circuits that belong to the reward system. Indeed, all abused
drugs elevate dopamine levels in the brain and most notably in the mesolimbic dopamine system,
thereby generating pleasure and reward. The mesolimbic circuitry consists of dopaminergic
projections arising from the midbrain and projecting to the striatum. The dorsal striatum has
involvement in decision making including initiation and action selection, controls habitual
behavior, and mediates valiance and magnitude (Balleine et al. 2007; Burton et al. 2015; Lipton et
al. 2019). Relatedly, the ventral striatum, in particular the NAcc, is most appreciated for its
involvement in reward processing and evaluation as well as incentive-based learning (Schultz et

al. 1992; Alcaro et al. 2007; Daniel and Pollmann 2014). The connections and mechanisms linking
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different neurons to the generation of reward is a topic of great importance and interest (Ikemoto
and Panksepp 1999; Knutson et al. 2001). The major constituents of the striatum, the MSNs, serve
as this brain structure’s exclusive output neurons (Girault 2012). Human studies have shown that
people with addiction have decreased D2R binding availability in the striatum regardless of the
class of drug being used (Volkow et al. 1997). Thus, our iMSN-D2RKO mouse appears to be a
good candidate to model this human condition as this model has a deletion of D2R throughout the
dorsal and ventral regions of striatum. Despite the presence of cocaine, loss of D2R results in a
reduced movement and locomotor behavior (Fig. 1B) (Kharkwal et al. 2016b). The absence of
D2R alone alters a number of metabolic parameters including body weight, food intake, energy
expenditure, and fat tissue accumulation (Fig. 1C-E). As expected, these metabolic parameters
changed in a time-of-day dependent manner due to the intimate link between metabolism and the
circadian clock. Thus, to further investigate the contributions of D2R on metabolism, we
performed metabolomic analysis on the livers of WT and iMSN-D2RKO littermates throughout a
full circadian cycle for a greater time point resolution.

The cell-specific loss of D2R did not change the overall circadian parameters of the
metabolites in the liver (Fig. 2). Yet, quite surprisingly, we demonstrate the changes induced in
the absence of D2R are found in the distribution of the number of oscillating metabolites of each
class. Notably, acylcarnitines show the greatest change to the number of oscillating metabolites
that lose rhythmicity in the iIMSN-D2RKO mouse liver and instead display constitutively higher
levels throughout the day. Of these, we have identified hydroxybutyrylcarnitine as a metabolite
significantly rhythmic in the WT but not in the iMSN-D2RKO. Previous studies demonstrate a
strong association between acylcarnitines and insulin resistance in people suffering from type 2

diabetes (Soeters et al. 2012; Schooneman et al. 2013).
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The peripheral metabolic impact of the loss of striatal D2R signaling could be clearly seen
in the presence of cocaine. Indeed, this dopaminergic challenge resulted in almost 3-fold more
oscillating metabolites in cocaine treated iIMSN-D2RKO mice as compared to WT controls (Fig.
3A). A large number of these metabolites could be the result of an increase in metabolites
oscillating between ZT2-6 in iMSN-D2RKO mice that is not present in WT mice (Fig. 3B).
Importantly, we found that acylcarnitines and phosphatidylcholines were metabolite classes in the
liver highly altered by cocaine administration in iMSN-D2RKO. It can be argued that some of the
observed changes can be ascribed to the genetic manipulation of the D2R gene or to the CRE line
used to obtain iIMSN-D2RKO mice. While we cannot completely exclude this possibility, we are
confident that this is not the case. In support of our findings, changes of these metabolites were
also found by NMR in the blood of crack-cocaine addicts (Costa et al. 2019).

The liver uses excess glucose from food and converts it into fatty acids which are stored as
visceral fat in order to promote long term energy storage. We find that the iIMSN-D2RKO animals
have a higher fat to body weight ratio than WT littermates (Fig. 1F). Lipidomic analyses of cocaine
treated mice discovered an increase in lipid metabolism resulted in a protective effect against
hepatotoxicity (Aviram et al. 2016). The changes we observed in the lipid metabolites may be
attributed to an additive accumulation of liver insults induced by cocaine and indirectly by the loss
of D2R. Communication between the suprachiasmatic nucleus and the striatum have been recently
identified (Verwey et al. 2016; Miyazaki et al. 2021). The neurochemistry of these connections
may be affected in the absence of D2R in iMSNs which could then result in a dysregulation of
peripheral organs including the liver. Recent work has shown that the nuclear receptor, PPARy,

plays a role in inducing changes to the molecular clock in the striatum in an iMSN-D2R-dependent

86



manner (Brami-Cherrier et al. 2020). We might speculate that through striatal D2R signaling,
cocaine might induce a proinflammatory response that affects liver function.

A high fat dietary challenge proved to have substantial effects on circadian metabolite
coordination between tissues (Dyar et al. 2018). Metabolic inter-tissue communication is highly
dynamic and easily influenced by external factors introduced to the body. Our findings support
this notion as cocaine, a dopaminergic challenge, has a striatal-dependent impact on the liver, with
a more striking effect in the absence of D2R in iMSNs (Fig. 4). Here, using light and dark phase
timepoints (ZT11 and ZT23, respectively), we identified liver metabolites changing in a time-
dependent manner. Intriguingly, cocaine induced altered levels of sphingomyelins in the liver.
Sphingomyelins, typically associated with neuronal axons, when detected in the liver can serve as
biomarkers for hepatotoxicity and liver damage (Apostolopoulou et al. 2018; Simon et al. 2020).
Future studies will be aimed at examining the specific metabolites identified in greater detail to
unravel the mechanisms underlying the regulation of liver rhythmicity by striatal D2R signaling.
Our results lead us to conclude that challenging the dopaminergic reward system by cocaine use
and altered striatal D2R signaling can contribute to the progression of metabolic diseases.

In this study, we took an unconventional angle to study the effects of the dopaminergic
pathways and the consequences of drugs of abuse on the periphery. We describe that the circadian
metabolic state of the liver in iIMSN-D2RKO mice is more prone to induce de novo rhythmic
acylcarnitines after a cocaine challenge. Importantly, our findings also show that the desynchrony
between the liver and striatum, in the absence of D2R in a neuron type specific manner, influences
liver homeostasis; only to be heightened by cocaine. These findings link metabolites to drug use-
mediated alterations in the brain affecting peripheral tissues. Based on our data, it is tempting to

propose a tight association between drug use and the increased susceptibility to metabolic diseases
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(Drake et al. 1990; Warner et al. 1998; Henry 2000; Virmani et al. 2007; Li and Zhao 2021; Della
Fazia and Servillo) via altered modulation of acylcarnitines and sphingomyelins in the liver. Future
studies should seek to identify other key players of the inter-tissue communication in an aim to

prevent drug use-induced metabolic disorders.

METHODS

Animals

3-month-old male, iMSN-D2RKO mice were generated by mating D2R1¥flx mice (WT) with
D2R1o¥/foxDIR-CREY- mjce (IMSN-D2RKO) with a genetic background of 98.44% C57BL6 x
1.56% 129 SV(Anzalone et al. 2012). The ability of D1R CRE to eliminate D2R in iMSNs stems
from the common expression of D1R and D2R in embryonic MSN precursors (Aizman et al. 2000).
D2R ablation in iMSNs was previously confirmed by recording D2R-specific binding using 3H-
labeled ligand on striatal extracts, as well as in situ hybridization experiments using riboprobes
targeting GAT1 as an MSN marker and exon 2 of D2R (Anzalone et al. 2012). Mice were
maintained on a standard 12 h light/ 12 h dark cycle; food and water were available ad /ibitum in
~25 °C; humidity was 40—-60%. Animals’ care and use was in accordance with guidelines of the
Institutional Animal Care and Use Committee at the University of California, Irvine. Genotype
identification was performed by Southern blot and PCR analyses of DNA extracted from tails

biopsies.
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Motor activity and food intake

Motor activity was measured using actimetric boxes with a photo beam system and recorded with
Lab watcher software. WT and iMSN-D2RKO mice were single housed during testing. Beam
breaks (counts)/minute were averaged every 12 h during the light cycle 6:30 am-6:30 pm, and
during the dark cycle 6:30 pm-6:30 am or every hour. Chow intake was measured every day for
5 consecutive days at 6 pm. Food intake was calculated as the grams of food consumed in 24 h

over the body weight of the mouse.

Cocaine treatment
Before cocaine treatments, mice were handled for at least 3 days for 5 min. On the day of treatment,
mice were administered either cocaine or saline. Cocaine (Sigma, Cat. #C5776) was dissolved in

saline (NaCl 0.9%) and injected intraperitoneally (i.p.) at the dose of 20 mg kg™"'.

Metabolomics analyses

Metabolite levels were measured from WT and iMSN-D2RKO mouse liver tissue harvested at
713,77, 11, 15, 19, 23 after an intraperitoneal injection of saline or cocaine at a dose of 20 mg
kg—1 at ZT3, 5 replicates were used/timepoint/treatment. Metabolomic analyses were performed
by Biocrates (Innsbruck, Austria) focusing on metabolites critical for neuronal structure, function
and signaling (Adibhatla and Hatcher 2007; Piomelli et al. 2007) using the AbsoluteIDQ p180
platform. Briefly, to extract metabolites from liver tissue, the samples were first suspended in an
85% ethanol/ 15% 10 mM phosphate buffer (pH 7.4), using 3 pL extraction buffer per mg wet

weight. The samples were then sonicated, vortexed and homogenized using a Precellys-24
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instrument (Bertin Technologies, Montigny le Bretonneux, France). After homogenization, an
aliquot of each supernatant was centrifuged and used for metabolomics measurements.

The measurements were run according to the AbsoluteIDQ® p180 kit manufacturer’s instructions.
The experimental metabolomics measurement technique is described in detail by patents
EP1897014B1 (https://patents.google.com/patent/EP1897014B1) and EP1875401B1
(https://patents.google.com/patent/EP1875401B1). In short, Biocrates’ commercially available kit
plates were used for the quantification of amino acids, acylcarnitines, sphingomyelins,
phosphatidylcholines, hexoses, and biogenic amines. The fully automated assay was based on
phenyl isothiocyanate (PITC) derivatization in the presence of internal standards, followed by
Flow injection analysis-tandem mass spectrometry (FIA-MS/MS) for acylcarnitines, lipids, and
hexose and Liquid chromatography-tandem mass spectrometry (LC-MS/MS) for amino acids and
biogenic amines using an AB SCIEX 4000 QTrap® mass spectrometer (AB SCIEX, Darmstadt,
Germany) with electrospray ionization. Data were quantified using Sciex Analyst® and imported

into the biocrates MetIDQ™ software for further analysis.

Statistics and bioinformatics analyses

Statistical and bioinformatics analyses were performed based on pairwise comparisons,
where the effect of cocaine treatment was analyzed while controlling the genotype or the difference
between genotypes (WT or iMSN-D2RKO) were compared while controlling the treatment.
Dixon’s test was performed to reduce outlier effects, filtering out up to 1 outlier replicate from
each condition. Heat maps for the metabolite profiles were generated using the RStudio software.
Row z-scores are displayed and were calculated using the ‘heatmap.2’ function of the gplots

package. GraphPad Prism 9.2.0 (La Jolla California, USA) was used to perform statistical analyses
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and generate principal component analysis plots. Two-Way Analysis of Variance (ANOVA) or
Two-Way ANOVA Mixed-effects model followed by Tukey’s multiple comparison post hoc test
was used as appropriate; p < 0.05 was considered statistically significant. Values are presented as
meantSEM. ANOVA Benjamini-Hochberg corrected statistical analysis was performed to

calculate the time-dependent effects.
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Figure Legends
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Fig. 1 Diurnal metabolic behavioral phenotypes of iMSN-D2RKO mice. A. Lefi: Body weights
of WT (pink circles) and iMSN-D2RKO (blue triangles) mice were recorded once a week from
birth to 16-weeks in age. Two-Way ANOVA Mixed-effects analysis; Time F(i6.436=548.7
p<0.0001, Genotype F(1,41)=78.08 p<0.0001, Interaction F(16436=2.24 p=0.0040. Bonferroni post-
hoc test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Right: Areaunder the curve (AUC) from
the body weight curve (left). Unpaired student’s t-test p<0.0001. B. Diurnal activity of iMSN-
D2RKO and WT mice presented as beam break counts in an actimetric cage during the light and
dark phases. Two-Way ANOVA; Phase F(1,18=50.22 p<0.0001, Genotype F(1,18=7.540 p=0.0133,
Interaction F(1,18=5.533 p=0.0302 C. Energy expenditure while in the metabolic cages was
recorded in iIMSN-D2RKO and WT. Two-Way ANOVA; Phase F(1,22=271.3 p<0.0001, Genotype
F1.22=14.99 p=0.0008, Interaction F(122=4.352 p=0.0488. D. Bar graph showing the chow
consumption (Phase F,18=84.35 p<0.0001, Genotype F,18=10.88 p=0.0040, Interaction
F1.20=1.995 p=0.1731) and E. Water intake of iMSN-D2RKO and WT mice in the metabolic
cages as a portion of their body weight. Two-Way ANOVA; Phase F1,18=84.35 p<0.0001,
Genotype F(1,18=10.88 p=0.0040, Interaction F(1,20=1.995 p=0.1731 f. Gonadal fat of iIMSN-
D2RKO mice and their WT controls was dissected and weighed after metabolic testing. Student’s
t-test p=0.0001. All WT and iMSN-D2RKO mice were males, n > 5 as indicated by individual
data points in each graph.
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Fig. 2 Profiling of the circadian metabolome in iMSN-D2RKO mouse liver. A. Heat maps of
circadian metabolites in WT (left, pink) or iMSN-D2RKO mouse liver (right, blue). White and
black bars indicate the light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints respectively. B. Pie
charts representing the percentage of metabolites of each class displaying rhythmic oscillations in
WT (left, pink) or iIMSN-D2RKO mouse liver (right, blue). C. Radar plots displaying the phase
analysis of metabolites cycling in WT (left, pink) or iMSN-D2RKO mouse liver (right, blue). D.
Venn diagram representing the hepatic rhythmic metabolites in WT (pink) and iMSN-D2RKO
(blue) mice. E. Heat maps of circadian metabolites exclusively in WT (pink) or iMSN-D2RKO
mouse liver (blue), and commonly circadian in both (middle). White and black bars indicate the
light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints respectively. F. Pie charts representing the
percentage of metabolites of each class displaying rhythmic oscillations exclusively in WT (pink)
or IMSN-D2RKO mouse liver (blue), and circadian in both genotypes (middle). G. Representative
circadian profiles of metabolites oscillating in WT (pink) or iMSN-D2RKO mouse liver (blue),
and circadian in both genotypes (middle). n=5, JTK CYCLE, cutoff p< 0.05. All tissues used for
analyses were collected from male mice.
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Fig. 3 Cocaine-induced disruption of liver circadian metabolites. A. Venn diagram
representing the hepatic rhythmic metabolites in Saline (pink) and Cocaine (green) treated WT
mouse liver. B. Heat maps of circadian metabolites exclusively in Saline (pink) or Cocaine (green)
treated WT mouse liver, and circadian in both (middle). White and black bars indicate the light
(213, 7, 11) and dark (ZT15, 19, 23) timepoints respectively. C. Pie charts representing the
percentage of metabolites of each class displaying rhythmic oscillations exclusively in Saline
(pink) or Cocaine (green) treated WT mouse liver, and circadian in both (middle). D. Venn diagram
representing the hepatic rhythmic metabolites in Saline (blue) and Cocaine (purple) treated iMSN-
D2RKO mouse liver. E. Heat maps of circadian metabolites exclusively in Saline (blue) or
Cocaine (purple) treated iIMSN-D2RKO mouse liver, and circadian in both (middle). White and
black bars indicate the light (ZT3, 7, 11) and dark (ZT15, 19, 23) timepoints respectively. F. Pie
charts representing the percentage of metabolites of each class displaying rhythmic oscillations
exclusively in Saline (blue) or Cocaine (purple) treated iIMSN-D2RKO mouse liver, and circadian
in both (middle). G. Heat maps of circadian metabolites in livers of Cocaine treated WT (green)
or iMSN-D2RKO mice (purple). White and black bars indicate the light (ZT3, 7, 11) and dark
(ZT15, 19, 23) timepoints respectively. H. Radar plots displaying the phase analysis of metabolites
cycling in livers of Cocaine treated WT (green) or iMSN-D2RKO mice (purple). I. Pie charts
representing the percentage of metabolites of each class displaying rhythmic oscillations in livers
of Cocaine treated WT (green) or iMSN-D2RKO mice (purple). n=5, JTK CYCLE, cutoff p<
0.05. All tissues used for analyses were collected from male mice.
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Fig. 4 Differential effects of cocaine on the liver metabolome. A. Pie charts representing the
percentage of liver metabolites of each class displaying differential levels at ZT11 versus ZT23 in
Saline or Cocaine treated WT or iMSN-D2RKO mice as indicated. B. Number of metabolites
upregulated at either ZT11 or ZT23 in Saline or Cocaine treated mice as indicated. C. Volcano
plots of metabolites at ZT11 and ZT23 in livers from WT or iMSN-D2RKO mice treated with
Saline or Cocaine. Metabolites with significant changes between timepoints were identified when
p <0.05 (red dots). n=5, ANOVA Benjamini-Hochberg corrected, cutoff p< 0.05.
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Fig. S2 Analysis of rhythmic metabolites in WT and iMSN-D2RKO mouse liver. A. Analysis
of the distribution of amplitude size as a percentage of hepatic oscillating metabolites in WT (pink)
or iMSN-D2RKO (blue) mice. B. qPCR analysis of Cptla gene expression in WT or iMSN-
D2RKO mouse livers along the circadian timepoints. C. Concentrations of the five acylcarnitines
which significantly lost rhythmicity in the iIMSN-D2RKO mice compared to the WT mice. *p <
0.05, **p <0.01. 2-way ANOVA followed by Tukey’s multiple comparisons test.
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Fig. S3 Cocaine fails to alter metabolite amplitudes. A. Analysis of the distribution of amplitude
size as a percentage of hepatic oscillating metabolites in WT treated with Saline (pink) or Cocaine
(green). B. Analysis of the distribution of amplitude size as a percentage of hepatic oscillating
metabolites in iIMSN-D2RKO treated with Saline (blue) or Cocaine (purple). C. Analysis of the
distribution of amplitude size as a percentage of hepatic oscillating metabolites in WT (green) or
iIMSN-D2RKO (purple) mice after Cocaine treatment.
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Fig. S4 Principal component analysis of metabolomic data from liver. Principal components
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Chapter 5: Dopaminergic Control of Striatal Cholinergic Interneurons Underlies Cocaine

Induced Psychostimulation

Abstract

Cocaine drastically elevates dopamine (DA) levels in the striatum, a brain region that is critical for
the psychomotor and rewarding properties of the drug. DA signaling regulates intrastriatal circuits
connecting medium spiny neurons (MSNs) with afferents fibers and interneurons. While cocaine-
mediated increase of DA signaling on MSNs is well documented, its effect on cholinergic
interneurons (Chls) has been more difficult to assess. Using combined pharmacological,
chemogenetic and cell-specific ablation approaches, we reveal that D2R-dependent inhibition of
acetylcholine (ACh) signaling is fundamental for the cocaine-induced changes in behavior and the
striatal genomic response. We show that the D2R-dependent control of striatal Chls enables the
motor, sensitized and reinforcing properties of cocaine. This study highlights the importance of
the DA- and D2R-mediated inhibitory control of Chls activity in the normal functioning of striatal

networks.
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Introduction

Cocaine elevates dopamine (DA) levels in the brain by blocking the DA transporter (Cone
1995; Hyman et al. 2006). This leads to increased DA signaling in areas receiving dopaminergic
afferents, including the striatum. The striatum is subdivided in functional districts, with the dorsal
area involved in the control of movement and action selection (Graybiel et al. 1994; Surmeier et
al. 2009; Marche et al. 2017) and the ventral area mostly implicated in reward processing (Carelli
2002; Day et al. 2007). The medium spiny neurons (MSNs) are the major constituent of the
striatum representing 90-95% of the neuronal population; while a minor population is constituted
by interneurons (5-10%) (Graveland and DiFiglia 1985; Oorschot 2013). MSNs are GABAergic
neurons that project either directly (AMSNs) or indirectly (iMSN5s) to output structures of the basal
ganglia (Nelson and Kreitzer 2014). The expression of stimulatory DA D1 receptors (D1R) defines
dMSNs, while iMSNs are characterized by the expression of inhibitory DA D2 receptors (D2R).
Thus, the elevation of DA levels which follows cocaine intake activates dMSNs and inhibits
iMSNs (Lobo and Nestler 2011).

Striatal cholinergic interneurons (Chls) represent 1-2% of the striatal cell population; DA
signaling is simultaneously inhibitory through D2R (Pisani et al. 2000; Oldenburg and Ding 2011;
Kharkwal et al. 2016a) and excitatory through D5R (Centonze et al. 2003; Berlanga et al. 2005)
on Chls activity and ACh release. At the same time, ACh inhibits dMSNs through activation of
muscarinic type 4 receptors (M4R) (Jeon et al. 2010; Threlfell et al. 2010; Mamaligas and Ford
2016) and excites iMSNs through muscarinic type 1 receptors (M1R) (Shen et al. 2007; Moehle et
al. 2017). Thus, due to the reciprocal functional control of MSNs and Chls, altering the striatal
DA/ACh balance (Aosaki et al. 2010) has major consequences on MSNss, which are the sole output

of the striatum.
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At the level of intracellular signaling, the cocaine-dependent increase of DA activates
cAMP and ERK pathways in dMSNs which leads to increased expression of immediate early
genes, like c-fos and other signaling molecules (Valjent et al. 2000; Hyman and Malenka 2001;
Philibin et al. 2011). These effects are mediated by activation of DIR, since they are absent upon
administration of D1R antagonists or in D1R-knockout mice (Young et al. 1991; Xu et al. 1994).
Nevertheless, the IMSNs-mediated motor response to cocaine and induction of c-fos in these same
neurons requires intact D2R signaling in iMSNs (Lemos et al. 2016; Kharkwal et al. 2016b). It has
been proposed that this effect depends on increased GABAergic signaling within striatal circuits
in the absence of D2R in iMSNs (Centonze et al., 2004; Kharkwal et al., 2016b; Lemos et al.,
2016).

Due to their low abundance, the influence of Chls on the overall regulation of striatal
circuitries has been difficult to assess. Furthermore, D2R-mediated modulation of Chls in the
context of cocaine response is not yet fully explored in vivo. In this study, we sought to address
this gap in knowledge by analyzing the response to cocaine of ChI-D2RKO mice lacking inhibitory
D2R signaling in Chls. These mice are characterized by normal motor behavior in basal conditions
(Kharkwal et al., 2016a). Here, we explored the motor, sensitizing and reinforcing properties of
cocaine in ChI-D2RKO mice in comparison to wild-type (WT) littermates.

Notably, we found that the acute and sensitized motor response to cocaine was severely
lowered in ChI-D2RKO mice. The behavioral phenotype was paralleled by loss of induction of c-
fos and other striatal genes typically elevated by cocaine (Thiriet et al. 2000; McClung and Nestler
2003; Hope et al. 2006; Gao et al. 2017). These effects are assigned to increased ACh signaling in
ChI-D2RKO mice, as shown by the reversal of the behavioral and cellular phenotype in these mice

by chemogenetic silencing of Chls or by blocking muscarinic M4R signaling. Importantly, we
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found that not only the motor response is affected in ChI-D2RKO mice but also the reinforcing
properties of cocaine were reduced.

Collectively, our study underlines the importance of the dopaminergic control on
cholinergic tone in striatal responses to cocaine and might pave the way for future therapeutic
strategies to treat addiction. We propose that D2R signaling exerts a major control over Chls and

ACh release which is required for the normal functioning of striatal circuits.

Results

Absence of D2R signaling in Chls leads to reduced cocaine response

We previously generated ChI-D2RKO mice carrying the selective ablation of D2R in Chls
and showed that under basal conditions motor activity is intact in these mice (p=0.1247 ) (Fig.
S1A) (Kharkwal et al. 2016a). In this study, we analyzed the motor and reinforcing properties of
cocaine in ChI-D2RKO mice. We hypothesized that cocaine-induced DA elevation would generate
a stronger response of Chls in the absence of D2R in ChI-D2RKO mice as compared to WT
siblings. Indeed, stimulation of D1-like receptors on Chls in the absence of the inhibitory D2R
signaling might lead to increased ACh signaling in the striatum.

A cocaine dose-response curve generated made to compare the motor response of male
ChI-D2RKO mice to their WT littermates. Cocaine (5, 10, 15 and 20 mg/kg) or saline were injected
intraperitoneally (ip) and motor activity recorded for 1 hour in a novel home cage (NHC).
Interestingly, while WT mice dose-dependently respond to cocaine with an increase of their
horizontal locomotion, the response of ChI-D2RKO mice was significantly attenuated (p=0.0003)
(Fig. 1A). Indeed, while WT mice show a significant motor response to cocaine starting at 10

mg/kg compared to saline treated mice of the same genotype (p=0.0016), ChI-D2RKO mice
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displayed a significant response to the drug only at 20 mg/kg (p<0.0001), the highest dose tested,
which was nonetheless ~ 40% lower than that of equally treated WT mice (p<0.0001).

The cocaine driven increase of DA and glutamate signaling in dMSNss is reflected by the
induction of the immediate early gene c-Fos in the dorsomedial (DMS) and the ventral striatum
(Torres and Rivier 1993; Jenab et al. 2003) and of post-translational modifications involving the
phosphorylation of the ribosomal protein S6 on the serine residues 235/236 (p-rpS6523¥23)
(Puighermanal et al. 2017). By difference to c-fos induction, p-rpS65233/236 requires only DA- D1R-
mediated activation of the cAMP pathway in dMSNs (Biever et al. 2015). Therefore, analyzing
levels of c-fos and rpS6523923¢ phosphorylation served as monitors of dopaminergic and cortical
inputs to dMSNs. Thus, striatal brain sections from WT and ChI-D2RKO mice were analyzed 1
hour after saline or cocaine by immunofluorescence (IF) using antibodies directed against c-Fos
and p-rpS65233/236_ Strikingly, we observed a significantly reduced number of c-Fos positive cells
in the DMS of ChI-D2RKO mice as compared to equally treated WT controls (p=0.0004) (Fig.
1B). The same decrease was observed in the ChI-D2RKO ventral striatum (p<0.0001) (Fig. S1B).
In parallel, a lower number of p-rpS65233/23¢ positive cells were observed in the DMS (p=0.0004)
(Fig. 1C) as well as the ventral striatum (p=0.0118) of ChI-D2RKO mice in comparison to WT
(Fig. S1C). The reduced induction of c-Fos affected dMSNs, as shown by double fluorescent in
situ hybridization (FISH) on striatal tissue sections, hybridized with a c-fos specific riboprobe
along with either a D 1R-specific probe as marker of AMSNs or an enkephalin (Enk) probe to label
iMSNSs. Quantifications of FISH analyses showed that in cocaine treated WT striata, c-fos
induction was observed in 61% of DIR-positive dMSNs (Fig. 1D) and only 9% in Enk-positive
iIMSNs (Fig. 1E). In contrast, c-fos positive neurons were estimated at 9% in D /R-positive dIMSNs

and 4% of Enk-positive iMSNs in cocaine treated ChI-D2RKO mice. These results show that D2R
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expression in Chls is required for the well-known behavioral and cellular effects of cocaine in
dMSNS.

Altered transcriptomic profile in the striatum of ChI-D2RKO mice

Loss of c-Fos induction in response to cocaine in ChI-D2RKO striata prompted us to
perform an unbiased analysis to identify genes differentially expressed in the DMS between WT
and ChI-D2RKO using RNA-sequencing (RNA-seq). Male WT and ChI-D2RKO mice
(n=4/group) were administered a single injection of saline or cocaine (20 mg/kg; ip) and sacrificed
1 hour later. RNAs from the DMS were then prepared and processed for RNA-seq.

Saline treated WT and ChI-D2RKO striata had a total of 871 differentially expressed
transcripts, 365 were down-regulated and 506 were up-regulated in WT mice as compared to Chl-
D2RKO mice (Fig. S2A). After cocaine, differential expression analyses revealed a total of 969
differentially expressed transcripts between the two genotypes (p<0.05) (Fig. S2B). This is
comprised of 595 transcripts up-regulated and 374 down-regulated by cocaine; only 59 genes were
found to be in common in these two analyses (Fig. S2C). Among all differentially expressed
transcripts identified in cocaine treated mice, we extracted 60 highly significant genes (padj <
0.05) which represent the bona-fide signature of cocaine-induced genomic response (Fig. 2A)
(Hope et al. 1992; Fosnaugh et al. 1995; McClung and Nestler 2003; Chandra and Lobo 2017;
Gonzales et al. 2019).

Consistent with our previous IF analyses, c-fos was found among the most significant
differentially expressed genes (p=7.91*10?) (Fig. 2A and B). In addition to c-fos, other members
of the AP-1 transcription factor complex: Fosb, Fosl2, and Junb (Curran and Franza 1988; Su et
al. 2017) and of the nuclear receptor subfamily 4 group A such as Nr4al and Nr4a3 (Volakakis et

al. 2010), together with early growth response transcription factors Egrl, Egr2, Egr3 and Egr4
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(Duclot and Kabbaj 2017, p. 3; Gao et al. 2017), were induced in the WT, but not in the Chl-
D2RKO DMS (Fig. 2A and B).

Gene ontology analyses performed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) indicated that differentially expressed genes with significant fold
changes found in cocaine treated mice (Fig. 2B; in red), were heavily involved in the regulation of
transcription. Functional annotation categories such as “Positive regulation of transcription”,
“Transcription from RNA pol II promoter”, and “Transcription factor binding” were highly
significant (Fig. 2C).

We performed an enrichment analysis using ChEA3 (Keenan et al. 2019), to identify
transcription factors which putatively regulate the 969 differentially expressed genes in cocaine
treated mice (Fig. S2B). Of the top 25 transcription factors enriched for targeting our gene set, 10
of them were found among our most significant differentially expressed genes (Fig. 2A and D).
Importantly, each of the 10 transcription factors identified were increased in WT, but not Chl-
D2RKO mice (Fig 2A and D). Thus, loss of induction of genes previously identified as genomic
signatures of cocaine’s effects indicates that the inhibitory dopaminergic control exerted by D2R
on ACh signaling enables the acute induction of gene expression.

Elevated ChlI activity mediates deficits in ChI-D2RKO mice response to cocaine

We hypothesized that the lowered response to cocaine of ChI-D2RKO mice originates
from increased ACh signaling in the striatum generated by absence of the modulatory D2R in Chls.
To validate our hypothesis, we treated male WT mice with the acetylcholinesterase inhibitor,
donepezil, which blocks ACh degradation (Karvat and Kimchi 2014). We administered saline or
donepezil (1 mg/kg; ip) 15 minutes before cocaine and evaluated motor activity for the following

hour. In line with our hypothesis, donepezil administration prior to cocaine severely abates the
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motor response of WT mice as compared to cocaine only treated animals (p<0.0001) (Fig. 3A).

Next we sought to directly show that increased ACh signaling in the DMS is responsible
for the reduced response to cocaine of ChI-D2RKO. We used a chemogenetic approach to
specifically silence Chl activity in ChI-D2RKO mice using the designer receptor exclusively
activated by designer drugs (DREADD), hM4Di, upon administration of clozapine-N-oxide
(CNO) or JHU37160 (J60). For this purpose, we performed stereotaxic injections of the adeno-
associated viral vector carrying hM4Di (Roth 2016), whose expression is Cre-recombinase-
dependent, into the DMS of ChI-D2RKO mice. Two weeks after surgery, we analyzed and
confirmed the specific expression of hM4Di in Chls by IF using antibodies directed against the
mCherry tag of hM4Di along with choline acetyltransferase (ChAT), a Chl marker (Fig. S3A). We
confirmed that CNO (3 mg/kg; ip) and J60 (0.1 mg/kg; ip) (Bonaventura et al. 2018) did not affect
locomotion in the absence of cocaine in hM4Di expressing ChI-D2RKO mice (hM4Di Chl-
D2RKO) throughout 7 days of exposure (p=0.7071) (Fig. S3B).

hM4Di ChI-D2RKO mice were treated with CNO (3 mg/kg; ip) 30 minutes prior to cocaine
(15 mg/kg; ip) and motor activity recorded for the following hour. Strikingly, hM4Di ChI-D2RKO
showed a response to cocaine, upon CNO administration, that was significantly increased from
that of ChI-D2RKO mice not expressing hM4Di (p<0.0002) or to saline treated hM4Di Chl-
D2RKO mice (p=0.0002). Importantly, hM4Di ChI-D2RKO mice response to cocaine did not
differ from that of WT mice (p>0.99) (Fig. 3B).

Cocaine sensitization in mice with a deletion of D2R in Chls

Repeated intake of cocaine causes maladaptive changes of the mesolimbic dopamine
system that lead to an enhanced motor response to the drug (Kalivas and Stewart 1991; Boudreau

and Wolf 2005; Robinson and Berridge 2008). Thus, we focused on determining if the behavioral
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deficits of ChI-D2RKO mice observed after acute administration would also affect cocaine
sensitization. To test this, male mice that were habituated to a home cage for two days were then
administered cocaine (15 mg/kg; ip) daily for 5 days and had their motor activity recorded for 1
hour. Chronic cocaine administration induced a linear increase of the motor activity in all mice
tested (Fig. 3C). Interestingly, ChI-D2RKO mice also showed a significant increase of the motor
response between day 1 and 5 (p=0.0204); however, their response was significantly lower than
that of cocaine treated WT mice (p=0.0001) (Fig. 3C and D). We then assessed whether silencing
Chls using the DREADD system in the DMS might restore cocaine sensitization to WT levels. In
line with previous results, hM4Di ChI-D2RKO mice treated with CNO (3 mg/kg; ip) prior to
cocaine, during the five days of repeated administration, increased motor activity as compared to
ChI-D2RKO mice not expressing hM4Di (p<0.0001) (Fig. 3C). Importantly, the response of
hM4Di ChI-D2RKO mice treated with cocaine and CNO did not differ from that of WT mice
treated with cocaine. Similar results were obtained using J60 (0.1 mg/kg, ip) (»p<0.0001) (Fig.

S3C), thereby excluding possible interference of CNO with DA receptors.

To further verify the long-term effect of sensitization in mice of both genotypes, we left
mice untreated for 7 days and then challenged them with a lower dose of cocaine (10 mg/kg; ip).
Interestingly, while WT mice showed a sensitized response after the withdrawal period, Chl-
D2RKO mice did not. The response to the cocaine challenge of ChI-D2RKO mice did not differ
from the one observed on the first day of cocaine treatment (p>0.99) (Fig. 3D). Consistent with
elevated ACh levels as being responsible for the impaired sensitization of ChI-D2RKO mice,
hM4Di ChI-D2RKO mice treated with CNO showed cocaine sensitization that did not differ from
that of WT mice (p>0.99) (Fig. 3C). Interestingly, both induction of c-Fos expression (Fig. 3E)

and of rpS65233236 phosphorylation (Fig. 3F) 1 hour after the challenge injection were increased in
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hM4Di ChI-D2RKO mice given CNO and cocaine (c-Fos: p=0.0057 and p-rpS6523¥23%: p=0.0006)
as compared to ChI-D2RKO mice not expressing hM4Di. Similar results were obtained using J60
and cocaine in hM4Di ChI-D2RKO mice (p=0.0310) (Fig. S3D).

Antagonism of muscarinic receptors enables cocaine response in ChI-D2RKO mice

ACh in the striatum activates muscarinic and nicotinic receptors (Lim et al. 2014). MSNs
are major targets of ACh signaling dependent on activation of muscarinic M4R and M1R. To
elucidate the mechanism underlying the weakened response of ChI-D2RKO mice to cocaine, we
sought to determine whether muscarinic signaling was involved. Accordingly, we tested the effect
of the non-selective muscarinic antagonist, scopolamine, prior to cocaine administration on motor
activity. To perform these experiments, we controlled that ChI-D2RKO mice can respond to
scopolamine as WT mice with an increase in their forward locomotion by performing a dose-
response experiment using 0.5 and 1.0 mg/kg of scopolamine. At 0.5 mg/kg scopolamine, mice of
both genotypes showed a trend toward an increase of motor activity which did not reach statistical
significance (p>0.99), while at the dose of 1 mg/kg both WT and ChI-D2RKO mice showed a
significant increase of motor activity (p<0.0001) of similar intensity as compared to saline treated
mice of both genotypes (Fig. S4). The sub-threshold dose of 0.5 mg/kg was then chosen to perform
experiments with cocaine (Fig. 4A). For each genotype, male mice were divided into four groups:
saline, scopolamine (0.5 mg/kg; ip), cocaine (20 mg/kg; ip) or the combination of both.
Scopolamine was administered 15 minutes prior to saline or cocaine and forward locomotion
recorded for 1 hour after the last injection. Strikingly, the combination of scopolamine and cocaine
specifically increased the motor response to cocaine of ChI-D2RKO mice as compared to cocaine
only treated mice of the same genotype (p<0.0001) (Fig. 4A); this increase resulted in the absence

of differences in forward locomotion between ChI-D2RKO and WT mice (p>0.99).
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Importantly, blocking muscarinic signaling also translated into the cellular rescue of c-Fos
induction and of rpS6 phosphorylation, as assessed by IF quantifications of the number of neurons
positive for c-Fos (p=0.0128) (Fig. 4B and D) and for p-rpS6352*3236 (p<0.0001) (Fig. 4C and E)
in the DMS of ChI-D2RKO and WT mice analyzed 1 hour after cocaine administration. Together,
these results indicate that the elevated muscarinic signaling is responsible for the reduced motor
and cellular responses to cocaine in ChI-D2RKO mice.

The inhibitory control of D2R on Chls prevents M4R over-activation

Next, we analyzed whether the behavioral and cellular phenotype of ChI-D2RKO mice
might depend on increased ACh stimulation of M4R and/or of M1R. Indeed, while M4R activation
could directly inhibit IMSNs, M1R activation of iMSNs might indirectly lead to dMSNss inhibition
through iMSNs GABAergic collaterals (Kharkwal et al., 2016b; Lemos et al., 2016).

Thus, male ChI-D2RKO and WT littermates were administered either M4R- or M1R-
selective antagonists 15 min prior to cocaine. Mice of each genotype received either saline, the
M4R-selective antagonist, tropicamide (10 mg/kg; ip), or the MI1R-selective antagonist,
VU0255035 (60 mg/kg; ip) (Sheftler et al. 2009) in the presence or absence of cocaine (20 mg/kg;
ip). Forward locomotion was recorded for 1 hour following cocaine administration. Our results
show that the selective blockade of M4R prior to cocaine rescues the motor inducing effects of
cocaine in the ChI-D2RKO mice to WT levels as compared to the cocaine only group of the same
genotype (p<0.0001) (Fig. SA). Mirroring the effect of tropicamide on motor activity, the number
of c-Fos (p=0.0036) and p-rpS6523¥23¢ (p<(.0001) positive neurons was significantly increased in
ChI-D2RKO mice when this antagonist was administered prior to cocaine as compared to cocaine
only treated mice (Fig. 5B-E). Overall the presence of tropicamide, abolished the observed

differences between cocaine treated WT and ChI-D2RKO mice (p>0.99).
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In contrast with M4R antagonisms, blockade of M1R with VU0255035 had a negative
effect as it reduced cocaine response in WT mice as compared to the cocaine only group
(»<0.0003) while having no effect on the motor activity of cocaine-treated ChI-D2RKO mice with
or without VU0255035 (p<0.2599) (Fig. 6A). At the intracellular level, MIR antagonism
significantly lowered cocaine-mediated c-Fos induction in WT mice (p=0.0002) (Fig. 6B and D).
However, the only positive effect of VU0255035 pretreatment on ChI-D2RKO was a significant
increase of the number of p-rpS65233/236 positive neurons (p=0.0025) (Fig 6C and E). This increase
might be caused by a direct effect of the M1R antagonist on dMSNs or alternative undefined
mechanisms of M1R antagonism in the striatum.

The reinforcing properties of cocaine are affected by loss of dopaminergic inhibition of Chls

Next, we aimed at studying the effect of loss of the dopaminergic inhibition on Chls on
reward related mechanisms by analyzing the ability to associate an environment with cocaine. For
this, we performed the conditioned place preference (CPP) test on male mice of both genotypes.
On day 1, a pre-conditioning test was performed, and the time spent by each mouse in the two
compartments of the CPP apparatus was evaluated for 20 minutes. A drug-paired compartment
was then randomly assigned to mice and conditioning started. Four groups of mice for each
genotype were made: saline/saline, saline/cocaine (10 mg/kg; ip), saline/tropicamide (10 mg/kg;
ip) and tropicamide/cocaine (10 mg/kg; ip of each drug). Tropicamide was administered 15
minutes prior to cocaine. During conditioning, mice were restricted for 20 minutes to either the
drug-associated compartment where they received the drugs on days 2, 4, 6 and 8 or to the other
compartment where they received saline on days 3, 5, 7 and 9. On day 10, the preference for the

drug-associated compartment was tested by leaving the mouse free to choose between
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compartments for 20 minutes (Fig. 7A). Motor activity did not differ between genotypes neither
during the pre-conditioning (p=0.3463) (Fig SSA) nor during the test (p=0.0555) (Fig. S5B).

Strikingly, ChI-D2RKO mice did not show a significant CPP to cocaine as compared to
WT mice (p=0.0003) (Fig. 7B) indicating that the reinforcing properties of cocaine are affected in
ChI-D2RKO mice as compared to WT littermates. Importantly, M4R antagonism prior to cocaine
administration restored both cocaine-induced locomotion and CPP in ChI-D2RKO mice as
compared to the cocaine only group of the same genotype (p=0.0223) and to WT levels (p<0.99)
(Fig. 7B; Fig. S5C and D).

Analyses of c-fos induction by FISH in striatal sections from mice sacrificed 1 hour after
the test session, showed a blunted response both in the DMS (Fig. S5E) and ventral striatum (Fig.
S5F) (DMS: p=0.0145; ventral striatum: p=0.0011) of ChI-D2RKO mice conditioned with
cocaine as compared to WT controls. Analogous with the CPP results, prior tropicamide treatment
during the conditioning phase rescued the c-fos deficit as compared to the cocaine alone group of
ChI-D2RKO mice (DMS: p=0.0183; ventral striatum: p=0.0254).

To assess whether the inhibitory D2R-mediated control of Chls is required for the
expression of reward, we analyzed CPP in response to food (cocoa pebbles), as the reinforcer. The
same CPP protocol was used with the exception that cocoa pebbles replaced the drug in the
compartment on days 2, 4, 6, and 8, and no food was presented in the opposite compartment on
days 3, 5, 7, and 9. Surprisingly, while WT mice displayed a strong place preference to the food
associated compartment (p=0.0094), ChI-D2RKO mice did not (p>0.99) (Fig. S6A) despite a
normal consumption of cocoa pebbles during the conditioning phase. In agreement with this

response, c-fos was induced in the DMS and the ventral striatum of WT mice (DMS: p=0.0006;
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ventral striatum: p=0.0002) but not of ChI-D2RKO mice, as evaluated 1 hour after the test session

(DMS: p=0.6197; ventral striatum: p>0.99) (Fig. S6B and C).

Absence of CPP to cocaine and food in ChI-D2RKO mice appears independent from
altered memory, as established by the absence of significant differences between male WT and
ChI-D2RKO mice in the novel object recognition test (Fig. S7). Indeed, WT and ChI-D2RKO
mice are equally able to recognize a novel object (Fig. S7TA and B) (p=0.4178) with no differences

in motor activity in the testing apparatus (Fig. S7C) (p=0.7129).

Discussion

All drugs of abuse, including cocaine, increase DA signaling in the mesolimbic pathway,
which is involved in the control of motor and reward-related behaviors. The psychomotor effects
of cocaine are mostly attributed to DA activation of dMSNs resulting into the stimulation of the
basal ganglia direct pathway (Zhang et al. 2002; Bertran-Gonzalez et al. 2008). Nevertheless, the
DA-mediated effects of cocaine on dMSNs are regulated by iMSNs through D2Rs (Lemos et al.
2016; Kharkwal et al. 2016b). In addition, striatal interneurons connecting to output MSNs
(Mamaligas and Ford 2016; Cai and Ford 2018; Gong and Ford 2019; Francis et al. 2019), as well
as corticostriatal, thalamic and mesolimbic afferents to MSNs and interneurons (Pancani et al.
2015; Qi et al. 2016; Kosillo et al. 2016; Cai and Ford 2018) further enhance the level of
complexity in unraveling how cocaine induces motor and reinforcing effects. In most of these
connections, DA plays a critical role through activation of D2Rs. These receptors are located pre-
and postsynaptically in striatal and afferent neurons. Thus, the role discovered for D2R in iMSNs
in facilitating cocaine-mediated dMSNs responses (Lemos et al. 2016; Kharkwal et al. 2016b)

might be a general feature of D2R signaling in the striatum. D2R activation might serve as a
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general modulator of the responses of dMSNs through heterologous control of striatal
neurotransmitters and neuromodulators in neurons and afferents.

Our findings show that D2R activation is indeed central for Chls. We show that the D2R-
mediated inhibition of Chls is required to maintain balanced cholinergic signals, which directly
affect dAMSNs responses to cocaine. Indeed, loss of the D2R inhibitory control of Chls results in
significantly diminished motor and cellular responses to the drug. We hypothesized that this
phenotype is the result of an increased cholinergic tone in striatal circuits due to the unopposed
stimulation of D5Rs on Chls and the consequent increase in ACh release. Our hypothesis is
supported by the impaired response to cocaine of WT mice in which ACh degradation is inhibited
using donepezil before cocaine administration (Fig. 3A). In line with these findings,
pharmacological approaches were able to restore the acute effects of cocaine on motor and cellular
responses to cocaine in ChI-D2RKO mice; indeed, scopolamine administered prior to cocaine
restored the cocaine mediated motor and cellular effects to WT levels. We defined that the M4R
specific antagonist, tropicamide (Fig. 5), but not the M1R specific antagonist, VU0255035 (Fig.
6), was able to give the same effects than scopolamine (Fig. 4). These results point to the important
regulation of dMSNss activity by ACh through M4R signaling (Weiner et al. 1990; Klawonn et al.
2018). M4R The observation that tropicamide reverses the phenotype of ChI-D2RKO, excludes a
possible interference of M4R autoreceptors blockade in these effects, which should further
increase ACh release. In contrast, the presence of M4R on corticostriatal and thalamic fibers might
greatly influence both AMSNs and iMSNSs activity through modulation of glutamate release (Yohn
et al.,, 2018; Moehle and Conn, 2019). Our results showing the rescue of c-Fos induction by
tropicamide suggests that cortical and thalamic fibers might well be affected by the increased ACh

tone in ChI-D2RKO mice.
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Silencing of Chls through the expression of hM4Di in these neurons, in the presence of
CNO (Fig. 3B), further supports our hypothesis of increased ACh signaling in ChI-D2RKO mice
since this manipulation restored cocaine responses of mutant mice to WT levels. These results
convincingly establish that the basis of the altered cocaine effects in ChI-D2RKO mice is the
increased ACh levels resulting from absence of D2R signaling in Chls.

The impaired behavioral response of ChI-D2RKO mice to the drug was paralleled by the
absence of induction of the immediate early gene c-fos. Induction of c-fos, a transcription factor
of the AP1 family, is a hallmark of the cellular effect of drugs of abuse. This striking effect
prompted us to perform a genome-wide analysis by RNA-seq comparing WT and ChI-D2RKO
DMS transcriptomic profiles in the absence or presence of cocaine. These analyses revealed a
reprogramming of gene expression profiles in the mutants as compared to equally treated WT
mice, in both conditions. Interestingly, among genes differentially expressed, c-fos was found
among the most significant, thus validating our IF analyses. In addition to c-fos, other members of
the AP1 family together with other families of transcription factors were found differentially
expressed. The implication of the AP1 family, Egrs and other transcription factors in the effects
of cocaine underlines the immediate effect of cocaine in reprogramming genomic profiles, even
after the first encounter with the drug, which likely leads to subsequent maladaptive changes of
synaptic plasticity. In addition, our findings reveal that the D2R-mediated control of ACh signaling
is critically linked to cocaine effects.

To explore the impact of altered cholinergic signaling in the more advanced stages of drug
use, we utilized two behavioral paradigms: the sensitization and the CPP. Behavioral sensitization
is related to changes of the motor effects of the drug while CPP correlates to the reward-related

effects (Cunningham et al. 2006; Robinson and Berridge 2008). Notably, ChI-D2RKO mice
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behaved differently than their WT littermates in both tests. We observed a partially escalating
motor response to cocaine in ChI-D2RKO mice during the repetitive five days of treatment as
compared to WT mice. However, after one week of withdrawal, a challenge injection to a lower
dose of cocaine did not result in the expected enhanced response to the drug in the ChI-D2RKO
as it did in WT mice. These results suggest that the D2R-mediated control of ACh signaling is
required for the induction of long-term modifications leading to sensitization. We might speculate
that absence or lowered inductions of the different transcription factors identified by RNA-seq
could at least in part be responsible for the aberrant response. Similarly, by difference with WT,
ChI-D2RKO mice appear insensitive to the reinforcing effects of cocaine as well as of food as
measured by CPP. This result is highly relevant since Chls activity contributes to associative
learning (Brown et al. 2012; Zhang et al. 2018). Chls receive dopaminergic, GABAergic and
glutamatergic signals from the VTA that induce the pausing of these neurons (Brown et al. 2012;
Kharkwal et al. 2016a; Cai and Ford 2018; Zhang and Cragg 2017). Absence of D2Rs by removing
the dopaminergic inhibitory input (Kharkwal et al, 2016) might disrupt the ChI-dependent
mechanism required to signal saliency of an event or conversely signals any event as salient,
making it hard for the subject to associate the drug to the right compartment. These conclusions
are supported by the effect of chemogenetic and pharmacological approaches in restoring
sensitization and CPP.

In conclusion, the analysis of D2R cell-specific knockout mice has been instrumental to
clarify the role of this receptor in the control of striatal circuits (Anzalone et al. 2012; Kharkwal et
al. 2016a, b; Lemos et al. 2016). Importantly, the absence of D2R either in iMSN- or in Chl-

D2RKO mice shows that D2R signaling in both neurons is a requirement for the control of dMSNs-
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mediated functions and cocaine-mediated effects. Our findings suggest that the identification of

molecules downstream of D2R might offer leads for the treatment of cocaine addiction.

Methods
Lead Contact and Materials Availability
Further information and requests for resources and reactions should be directed to and

fulfilled by the Lead Contact, Emiliana Borrelli (borrelli@uci.edu). All unique/stable materials

and models generated from this study are available from the Lead Contact with a completed
Materials Transfer Agreement.
Experimental Model and Subject Details

All protocols were submitted and approved by the University of California, Irvine
Institutional Animal Care and Use Committee in accordance with the National Institute of Health
guidelines. Mice were group housed and maintained at standard 12h/12h light/dark cycle, at
~25°C, and humidity levels at 45-60%. Animals were group housed and fed ad libitum unless
otherwise specified. Female ChI-D2RKO and WT littermates mice did not differ in motor behavior
compared to male mice in their response to cocaine and therefore all experiments were performed
in males. Thus, we exclusively used adult male mice aged 8 to 14 weeks old for all experiments.
ChI-D2RKO mice were generated by mating D2R 101X mice (used as WT controls) with choline
acetyltransferase (ChAT)-Cre mice generating D2R1oxflox/ChAT Cre* e - ag previously described
(Kharkwal et al., 2016a). For all behavioral testing, mice were manipulated at least 2 days prior to

experimental start for 5 min/day.
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Method Details

Stereotaxic Surgery

3% vaporized isoflurane (Kent Scientific) was used to anesthetize mice before they were
placed in the stereotaxic frame (David Kopf Instruments). A nose cone was placed over the mouse
and isoflurane concentration was lowered to 1-2%; temperature and breathing were closely
monitored throughout the surgery. Adeno-associated viruses carrying designer receptors
exclusively activated by designer drugs (DREADD) hM4Di (AAV-hSyn-DIO-hM4D(Gi)-
mCherry; AddGene) were injected with in the dorsomedial striatum (DMS) (anterior-posterior,
0.98 mm; medial-lateral, + 1.2 mm; dorso-ventral, =3 mm, from Bregma) according to the mouse
brain atlas. 1.5 uL (6900 Genome Copies/hemisphere) were infused bilaterally over a period of 3
min. Following surgery, mice were monitored daily for at least 14 days prior to experiments.
Drugs

Cocaine HCI (Sigma), Tropicamide HCI (Tocris), Scopolamine HBr Trihydrate (Sigma),
Donepezil HCI (Sigma), VU0255035 HCl (UCI), Clozapine-N-Oxide (CNO) (NIH), and
JHU37160 dihydrochloride (J60) (HelloBio) were dissolved in sterile saline (0.9% NaCl pH 7.4).
All drugs were administered intraperitoneally.

Behavioral Analyses

Acute

Locomotor activity was analyzed and recorded in a novel home cage (NHC) (20 cm x 30
cm x 13 cm transparent plastic box) using a video-tracking system (Viewpoint; Lyon France).
Mice were habituated to the NHC for 2 hours prior to administration of saline or cocaine; motor
behavior was monitored for the following hour. For experiments requiring the use of scopolamine,

tropicamide, VU0255035, or donepezil, mice were habituated in their NHC for 2 hours, then
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administered these pharmacological agents or saline. 15 minutes later, mice were then given either
saline or cocaine and motor responses recorded for the following hour. Experiments requiring the
use of DREADD agonists were performed in the same way with the exception that cocaine or
saline was given 30 minutes after CNO.
Sensitization

As in acute experiments, locomotor activity was analyzed and recorded in a NHC using
video-tracking. Mice were habituated to their NHC for 30 minutes each day of the experiment;
during the first two days of the protocol, all mice received only saline. The following 5 days, mice
were given cocaine (15 mg/kg; ip) after 30 minutes of habituation and motor response was
recorded for the following hour. After a one-week withdrawal period, mice were challenged with
a lower dose of cocaine (10 mg/kg; ip) using the same method. For experiments using the
DREADD system, hM4Di ChI-D2RKO mice were injected with clozapine-N-oxide (3 mg/kg; ip)
or J60 (0.1 mg/kg; ip) immediately before the 30-minute habituation period.
Cocaine Conditioned Place Preference

The CPP testing apparatus consisted of two compartments (15.5 cm x 16.5 cm x 20.3 cm)
divided by a neutral space (15.5 cm x 5 cm x 20.3 cm); each compartment contained visual and
tactile cues on the walls and floors. Each genotype was divided into two groups by conditioning
mice to receive either saline or cocaine (10 mg/kg; ip) in a specific compartment. On day 1, mice
were placed into the apparatus for 20 minutes and left free to explore both sides of the apparatus;
time spent in each compartment was recorded and scored. The following day, conditioning started
using an unbiased protocol in which the drug-paired compartment was randomly assigned to mice
in each group. During conditioning, mice were given either cocaine or saline on alternate days and

restricted to the appropriate compartment for 20 minutes. Cocaine was administered on days 2, 4,
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6, and 8 with alternating saline injections on days 3, 5, 7, and 9. On day 10, the CPP test was
performed by leaving the mice free of choosing between the two compartments for 20 minutes.
Tropicamide (10 mg/kg; ip) was administered 15 minutes before saline or cocaine treatments on
days 2, 4, 6, and 8.
Food Conditioned Place Preference

Food CPP was performed on mice that were food restricted to lose 10% of their starting
body weight. After this, mice selected to be given the food reward were exposed to the reinforcer,
Post Cocoa Pebbles cereal, for 2 days until all mice were observed eating the food reward. Then,
CPP was performed using the same experimental timeline as the cocaine CPP. Five pieces of cereal
were placed inside the food-paired room on days 2, 4, 6, and 8 with mice receiving nothing in the
other compartment on days 3, 5, 7, and 9. For cocaine and food experiments, a CPP score was
calculated by determining the difference between time spent in the reward associated compartment
before and after conditioning.
Novel Object Recognition Test

Mice were habituated to the open-field testing apparatus (30 cm x 30 cm x 19 cm white
box) 3 times for 5 minutes with 1 hour in between each habitation session. The following day,
mice underwent a training session for 10 minutes during which each object was positioned 6 cm
away from diagonal corners of the apparatus. On the testing day, 1 object was replaced with a
novel object in a manner that was counter balanced, and mice were place in the apparatus for 10
minutes while being video tracked (See Fig. S7A). Time investigating the object was determined
as the time spent in a 4 cm x 4 cm area surrounding the object. The ability to discriminate between
the known object and the novel object was calculated as a discrimination index using the formula

(timenovel - timeknown) / (timenovel + timeknown)-
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RNA preparation for RNA-sequencing

After behavioral testing, brains were dissected and were rapidly frozen in 2-methylbutane
on dry ice. For RNA preparation, bilateral tissue punches were obtained and rapidly homogenized
in Trizol (Thermo Fisher) using a 26 2 gauge needle attached to a 1 mL syringe. RNA isolation
was completed following the manufacturer’s protocol. RNA was resuspended in H2O.

Library Preparation for RNA-Sequencing

Library preparation and sequencing were performed at the University of California, Irvine
Genomic High-Throughput Facility. Total RNA was monitored for quality control using the
Nanodrop absorbance ratios for 260/280nm and 260/230nm and the Agilent Bioanalyzer Nano
RNA chip (Table S1). Library construction was performed according to the Illumina TruSeq®
Stranded mRNA Sample Preparation Guide. The input quantity for total RNA was 150 ng and
mRNA was enriched using oligo dT magnetic beads. The enriched mRNA was chemically
fragmented for three minutes. First strand synthesis used random primers and reverse transcriptase
to make cDNA. After second strand synthesis the double stranded cDNA was cleaned using
AMPure XP beads and the cDNA was end repaired and then the 3’ ends were adenylated. Illumina
barcoded adapters were ligated on the ends and the adapter ligated fragments were enriched by
nine cycles of PCR. The resulting libraries were validated by qPCR and sized by Agilent
Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries were normalized and
then multiplexed together. The multiplexed libraries were sequenced on four lanes using single
end 100 cycles chemistry on the HiSeq 4000. The version of HiSeq control software was HCS

3.4.0.38 with real time analysis software.
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Bioinformatics

Read quality was assessed by FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Sequence alignment was performed using the mus musculus GENCODE reference genome (GTF
file from release M23 GRCm38.p6) using STAR 2.6.0c software (Dobin et al. 2013) (Table S2).
Annotation and count matrices were generated using Genomic Features (Carlson et al. 2019) and
Genomic Alignments (Pagés et al. 2019). Differential expression analysis was performed using
DESeq2 (Love et al. 2019). Read counts were normalized using the relative log expression method
of DESeq2. Normalized read counts were converted into the log-read counts which were then used
for identifying differentially expressed genes; in our comparisons saline treated WT mice were
used as the control. Unadjusted and adjusted p-values were determined for each gene; p<0.05 was
considered statistically significant. Volcano plots were generated using the EnhancedVolcano R
package (Blighe et al. 2019). Biological processes represented by the differentially expressed
genes were determined using the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) annotation tool (v. 6.8). Genes with a significance p<0.05 and a Log2 Fold-Change
greater than 1 and less than -1 were compiled and entered into DAVID; Benjamini test p<0.05 was
considered significant. Transcription factor enrichment analysis was performed using ChEA3
(Keenan et al. 2019). 969 differentially expressed genes from our differential expression analysis
in cocaine treated mice were used. Data shown is from the “Top Rank” library option. The top 25
transcription factors obtained from this analysis were compared against the 60 most significant
differentially expressed genes (padj < 0.05).

Immunoﬂuorescence

1-hour after cocaine or saline administration, mice were deeply anesthetized with Euthasol

followed by transcardial perfusion with 4% paraformaldehyde in PBS (Na2HPO410 mM, KH2PO4
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1.8 mM, NaCl 137 mM, KCI 2.7 mM). Whole brains were then post-fixed over-night in 4%
paraformaldehyde in PBS. 30 pum coronal striatal sections were obtained using a vibratome (Leica)
and preserved in a cryoprotectant (30% glycerol and 30% ethylene glycol in PBS) and stored at -
20C until use.

Tissue sections were washed three times in PBS, permeabilized for 15 min using 0.5%
Triton X-100 in PBS and then rinsed twice in same buffer. Non-specific site were blocked by
incubation in PBS with 5% Normal Goat Serum (NGS) for 1 hour at room temperature. Sections
were incubated with primary antibodies: rabbit anti-c-fos (1:3000; Abcam), rabbit anti-p-
rpS65233/236 (1:1000; Cell Signaling), goat anti-choline acetyltransferase (1:800; Millipore), and
mouse anti-mCherry (1:800; Abcam) in PBS 1% NGS overnight at 4°C alone or in combination.
The following day, sections were rinsed three times in PBS for 10 min. Sections were then
incubated in secondary antibodies (goat anti-rabbit Alexa Fluor 488, donkey anti-goat Alexa Fluor
488, or goat anti-mouse Alexa Fluor 546) which were used at a 1:2000 concentration in PBS 1%
NGS. The sections were rinsed twice with PBS before nuclei were stained with Draq 7 (1:1000;
Biostatus). Images were taken on an SP5 confocal microscope (Leica). Striatal neurons positive
for c-Fos or p-rpS6523¥23¢ were quantified using LAS-X (Leica; version 3.7.0) software. Three
387.5 x 387.5 um regions of interest in the dorsomedial and ventral striatum from 3-8
mice/treatment/genotype were used in experimenter blinded analyses. Values shown from IF
experiments are represented as cell counts per mm?,

Fluorescent in situ hybridization

Brain sections were obtained and hybridized with fluorescein-labeled DIR or enkephalin
(Enk) and digoxigenin (DIG)-labeled c-fos riboprobes (Roche), as previously described (Anzalone

et al. 2012; Kharkwal et al. 2016b), followed by anti—Fluorescein-POD (1:1000, Roche) and anti—

125



DIG-AP (1:1000, Roche) antibodies. To amplify the signal the TSA PLUS fluorescein System
(Perkin Elmer) and HNPP (2-hydroxy-3-naphtoic acid-2'-phenylanilide phosphate) fluorescent
Detection Set (Roche) were used. Nuclei were stained with Draq7 1:1000. The percentage of
double positive c-fos and DIR or Enk cells compared to the total D/R or Enk positive cells were

determined. 3 mice/treatment/genotype were used in experimenter blinded analyses.

Quantification and Statistical Analysis

All values are presented as mean = SEM. GraphPad Prism 8.3.0 (La Jolla California, USA)
was used to perform statistical analyses. One, Two, or Three-way Analysis of Variance (ANOVA)
followed by Bonferroni’s multiple comparison post-hoc test was used as appropriate; p < 0.05 was

considered statistically significant.

Data and Code Availablility

The RNA-Sequencing data sets generated during this study are available at ArrayExpress: E-

MTAB-8589

Key Resource Table
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REAGENT or RESOURCE | SOURCE | IDENTIFIER

Antibodies

Rabbit anti-c-fos Abcam ab190289

Rabbit anti-phospho-S6 Ribosomal Protein Cell Signaling 2211

(Ser235/236)

Goat anti-choline acetyltransferase Millipore/Sigma AB144P

Mouse anti-mCherry Abcam ab167453

Sheep anti-digoxigenin-AP Fab fragments Roche 11093274910

Sheep anti-fluorescein-POD Fab fragments Roche 11426346910

Donkey anti-goat Alexa Fluor 488 Abcam ab150129

Goat anti-rabbit Alexa Fluor 488 ThermoFisher A-11034

Goat anti-rabbit Alexa Fluor 546 ThermoFisher A-11010

Goat anti-mouse Alexa Fluor 546 ThermoFisher A-11003

Bacterial and Virus Strains

pAAV-hSyn-DIO-hM4D(Gi)-mCherry | AddGene | 44362-AAV2

Critical Commercial Supplies

DIG RNA Labeling Kit Roche 11175025910

Fluorescein RNA Labeling Kit Roche 11685619910

TSA Fluorescein Kit Perkin Elmer SAT701001KT

HNPP Fluorescent Detection Set Roche 11758888001

Chemicals, Peptides, and Recombinant Proteins

Cocaine HCI Sigma C5776

Donepezil HC1 Sigma D6821

Scopolamine HBr Trihydrate Sigma PHR1470

Tropicamide HCI Tocris 0909

VU0255035 HCI UCI N/A

Clozapine-N-Oxide NIH 027862

JHU37160 HelloBio HB6261

Deposited Data

Raw and processed RNA-Seq Data This Paper ArrayExpress
E-MTAB-8589

Software and Algorithms

Prism 8.3.0 GraphPad https://www.graph
pad.com/scientific-
software/prism/

Viewpoint VideoTack ViewPoint Behavior | http://www.viewpo

Technology int.fr/en/p/software

/videotrack

HCS 3.4.0.38 [llumina https://support.illu
mina.com/downloa
ds/hiseq-4000-
3000-hcs-v3-4-
0.html
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Leica Application Suite X v 3.7.0

Leica

https://www.leica-
microsystems.com/
products/microsco
pe-
software/p/leica-
las-x-1s/

FastQC

Babraham
Bioinformatics

https://www.bioinf
ormatics.babraham
.ac.uk/projects/fast
qc/

STAR 2.6.0c

Dobin et al. 2018

https://github.com/
alexdobin/STAR/r
eleases

Genomic Features

Lawrence et al.,
2013

https://bioconducto
r.org/packages/rele
ase/bioc/html/Gen

omicFeatures.html

Genomic Alignments

Lawrence et al.,
2013

https://bioconducto
r.org/packages/rele
ase/bioc/html/Gen
omicAlignments.ht
ml

DESeq2 Love et al., 2014 https://bioconducto
r.org/packages/rele
ase/bioc/html/DES
€q2.html
EnhancedVolcano Blighe et al., 2019 https://bioconducto
r.org/packages/rele
ase/bioc/html/Enha
ncedVolcano.html
DAVID v6.8 The Database for https://david.ncifer
Annotation, f.gov/
Visualization and
Integrated Discovery

ChEA3 Keenan et al., 2019 | https://amp.pharm.

mssm.edu/chea3/
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Figure 1. Absence of D2R signaling in Chls leads to reduced cocaine response.

(A) Top: Protocol followed for studying cocaine effects; Bottom: Cocaine dose-dependent
induction of motor activity in WT and ChI-D2RKO mice (n=6-11/group). Genotype: Fy1, 9=
41.54, p<0.0001; Treatment: F, 79= 53.19, p<0.0001; Interaction: Fu, 79= 6.121, p=0.0003.
(B and C) Left: Representative images of [F experiments in cocaine treated WT and Chl-
D2RKO mice using c-Fos and p-rpS6523323¢ antibodies, respectively; Right: quantifications of c-
Fos (Genotype: F1,9 = 21.92, p=0.0009; Treatment: F1,9 = 63.97, p<0.0001, Interaction: Fi,
9= 23.85, p=0.0011) and p-rpS65233236 positive neurons (Genotype: F, 9 = 33.12, p=0.0003;
Treatment: F1, 9 = 17.90, p=0.0022; Interaction: F1,9 = 13.17, p=0.0055 positive neurons)
(n=3-4/group).

(D and E) Top: Representative images of FISH experiments using DR or Enk riboprobes along
with c-fos riboprobes and Bottom: Percentage of double positive cells over the total number of
DIR or Enk positive neurons per mm?,

*#p<0.01, **p<0.001 ****p<0.0001 vs saline of same genotype; ~p<0.01 “p<0.0001 vs WT
with same treatment. Scale bars for B and C are 50 um; for D and E are 25 um. In A-E bars
represent the mean £ SEM.
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Figure 2. Altered transcriptomic profile in the striatum of ChI-D2RKO mice.

(A) Heatmap illustrating the log2-fold change (Log2FC) of genes differentially expressed (padj
<0.05) in cocaine treated (20 mg/kg; ip) WT and ChI-D2RKO mice; up-regulation (red) down-
regulation (blue).

(B) Volcano plot based on the -log10 p-value (-LogioP) vs the Log2FC of the DMS
transcriptome. Cutoffs are shown as dotted lines (p<0.05) and log2FC =+ 1.

(C) Gene ontology determined by DAVID using genes with p<0.05 and log2FC above 1 and
below -1 (shown in red in Fig. 2B).

(D) Transcription factor enrichment analysis of the 969 differentially expressed genes (See Fig.
S2B) using ChEA3. The top 25 enriched transcription factors were compared with the most
significant genes (padj <0.05); the resulting 10 transcription factor’s integrated scaled rank is
shown.
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Figure 3. Cocaine sensitization in mice with a deletion of D2R in Chls.

(A) Donepezil lowers the motor response to cocaine in WT mice (n=7-13/group). (Treatment:
F3 349 = 33.30, p<0.0001). Bonferroni test: ****p<0.0001 vs Sal/Sal; ***p<0.0001 vs Sal/Coc
20.

(B) Silencing of Chls by in ChI-D2RKO mice restores their acute cocaine response (n=10-
14/group). Genotype: Fy1, 9 = 33.12, p=0.0003; Treatment: F1,9 = 17.90, p=0.0022;
Interaction: F,9 = 13.17, p=0.0055. Bonferroni test: ****p<0.0001 vs saline in the same
genotype; " p<0.0001 vs WT Coc; ###p<0.001 vs ChI-D2RKO Coc.

(C) Locomotor sensitization to cocaine (n=14-22/group). Genotype: F, 48 = 12.57, p<0.0001;
Day: F7,336) = 82.06, p<0.0001; Interaction: F4, 336) = 3.633, p<0.0001. Bonferroni test:
*p<0.05, ****p<(0.0001, vs Day 1 in mice of the same genotype; ~p<0.01, *p<0.001,
AMAP<0.0001 vs WT on the same day.

(D) Comparison of motor responses on day 1 and the challenge day from C. Genotype: F2, 48 =
12.57, p<0.0001; Day: F7,336) = 82.06, p<0.0001; Interaction: F14 336) = 3.633, p<0.0001.
Bonferroni test: *p<0.05, **p<0.01, vs Day 1 in mice with the same genotype; ~p<0.01,
MAP<0.0001 vs WT on the same day of the experiment; ##p<0.01 vs ChI-D2RKO on the same
day.

(E and F) Left: Representative images and Right: quantification of c-Fos (Genotype: F2, 12) =
35.28, p<0.0001) and p-rpS63523323¢ (Genotype: F2, 16) = 9.686; p=0.0018) IF experiments in the
DMS 1 hour after the challenge per mm? (n=4/group) . Bonferroni test: ~p<0.01, ~p<0.0001
vs WT; #p<0.05, ##p<0.01 vs ChI-D2RKO. Values in A-F are mean = SEM. Scale bars: 50 pm.
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Figure 4. Antagonism of muscarinic receptors enables cocaine response in ChI-D2RKO
mice.

(A) Motor activity in the presence or absence of scopolamine administered 15 minutes prior to
cocaine (n=8-12/group). Genotype: F1, 649 = 5.971, p=0.0173; Treatment: F3, 64 = 51.346,
p<0.0001; Interaction: F, 69 = 14.22, p<0.0001.

(B and C) Quantification of the number of c-Fos (Genotype: F1, 29y = 14.19, p=0.0008;
Treatment: F3, 29 = 15.47, p<0.0001; Interaction F3, 28 = 12.26, p<0.0001) and p-rpS65233/236
(Genotype: F1,27) = 11.79, p<0.0001; Treatment: F 3,27 = 31.41, p<0.0001; Interaction F 3, 27)
= 6.640, p=0.0158) positive neurons per mm? within the DMS 1 hour after cocaine (n=3-
6/group).

For A-C Bonferroni test: *p<0.05, **p<0.01, ****p<0.0001 vs Sal of same genotype;
AMAP<0.0001 vs WT Coc 20; #p<0.05, ##p<0.01, ###p>0.001, ####p<0.0001 vs treatment
within the same genotype. All values are mean + SEM.

(D) Representative images of c-Fos and E) of p-rpS63523¥23¢ positive neurons in the DMS of mice
treated as in A-C. Scale bars: 50 pm.
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Figure 5. Antagonism of muscarinic receptors enables cocaine response in ChI-D2RKO
mice.

(A) Tropicamide given 15 minutes prior cocaine restores the cocaine effects in ChI-D2RKO
mice (n=8-11/group). Genotype: F1,69) = 8.413, p<0.0050; Treatment: F, 69 = 90.63,
p<0.0001; Interaction: F, 69 = 3.126, p=0.0313.

(B) Quantification of the number of c-Fos positive neurons (Genotype: F1,17) = 4.744,
p=0.0438; Treatment: F3,17) = 23.53, p<0.0001; Interaction: F3,17) = 4.213, p=0.0212) and (C)
of p-rpS63523%236 positive neurons per mm? within the DMS 1 hour after cocaine (N=3-6/group)
(Genotype: F1,17) = 1.230, p=0.2828; Treatment: F3,17) = 110.3, p<0.0001; Interaction: F, 17)
= 18.60, p<0.0001).

Bonferroni test: * p<0.05, ***p<0.001, ****p<(0.0001 vs saline of same genotype; *p<0.05,
MAp<0.001 vs WT Sal/Coc 20; #p<0.05, ##p<0.01, #t##p<0.0001 vs ChI-D2RKO Sal/Coc 20.
Values shown in A-C are mean = SEM.

(D) Representative images of ¢c-Fos positive neurons and (E) of p-rpS6523323¢ positive neurons
in the DMS of mice treated as in A-C. Scale bars: 50 um.
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Figure 6. Antagonism of muscarinic receptors enables cocaine response in ChI-D2RKO
mice.

(A) The selective M1R antagonist fails to rescue cocaine induced motor activity in ChI-D2RKO
mice (n=8-11/group). Genotype: F1,63) = 26.35, p<0.0001; Treatment: F, 63 = 49.22,
p<0.0001; Interaction: F, 63 = 10.88, p<0.0001.

(B) Quantification of the number of c-Fos positive neurons (7wo-Way ANOVA Genotype: Fii, i)
= 21.85, p=0.0003; Treatment: F,16) = 23.16, p<0.0001, Interaction: F, 16) = 9.701,
p=0.0007) and (C) of p-rpS65233/236 positive neurons per mm? within the DMS 1 hour after
cocaine (n=3-6/group) (Genotype: F, 18 = 49.10, p<0.0001; Treatment: F3, 15) = 46.67,
p<0.0001; Interaction: F, 18 = 18.86, p<0.0001).

Bonferroni test: ***p<0.001, ****p<(0.0001 vs saline of same genotype; *"p<0.001,
AMAP<0.0001 vs WT Sal/Coc 20; #p<0.05, ##p<0.01, ###p<0.0001 vs specified treatment with
same genotype. Values shown in A-C are mean + SEM.

(D) Representative images of ¢c-Fos positive neurons and (E) of p-rpS6523323¢ positive neurons
in the DMS of mice treated as in A-C. Scale bar: 50 pm.
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Figure 7. The reinforcing properties of cocaine are affected by loss of dopaminergic
inhibition of Chls

(A) Cartoon illustrating the protocol used to perform the CPP test.

(B) CPP score after conditioning with either saline (Sal), tropicamide (Trop), cocaine (Coc) or
Trop + Coc (Trop/Coc) in WT and ChI-D2RKO mice (n=8-16/group). Genotype: Fi, 76) = 1.989,
p=0.1226,; Treatment: F3,76) = 12.84, p<0.0001; Interaction F, 76) = 3.756, p=0.0143.
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Figure S1: Absence of D2R signaling in Chls leads to reduced cocaine response. Related to
Figure 1.

(A) Motor activity of saline treated WT and ChI-D2RKO mice over 1 hour (n=11/genotype)
(student’s t-test, p=0.1247).

(B) Quantifications of c-Fos positive neurons (Genotype: F,9 = 101.4, p<0.0001,; Treatment:
F1, 9 = 63.00, p<0.0001; Interaction: F1,9 = 59.19, p<0.0001) and (C) of p-rpS6523/23
positive neurons per mm? in the ventral striatum of mice 1 hour after cocaine (20 mg/kg; ip) or
saline (n= 3-4/group) (Genotype: F1,9 = 10.89, p=0.0092; Treatment: F 1,9 = 33.44, p=0.0003;
Interaction: F, 9 = 6.686, p=0.0294). Bonferroni test: **p<0.01, ****p<0.0001 vs saline of
same genotype; *p<0.05, **p<0.0001 vs cocaine treated WT. All values shown are mean +
SEM.
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Figure S2: Altered transcriptomic profile in the striatum of ChI-D2RKO mice. Related to
Figure 2.
(A) Heatmap illustrating the log2-fold change (Log2FC) in genes identified to be differentially

expressed (p<0.05) in saline or (B) cocaine treated WT and ChI-D2RKO mice. Red represents
up-regulation while blue represents down-regulation.

(C) Venn diagram showing the overlap between significant genes found in each analysis.
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Figure S3: Cocaine sensitization in mice with a deletion of D2R in Chls. Related to Figure
3.

(A) IF testing Selective hM4Di expression in the Chls of ChI-D2RKO mice using mCherry and
choline acetyltransferase (ChAT) antibodies. Arrows indicate double positive cells. Scale bars:
25 pm.

(B) CNO (3 mg/kg; ip) and J60 (0.1 mg/kg; ip) treatment do not alter motor activity in hM4Di
ChI-D2RKO as compared to saline treated WT and ChI-D2RKO mice (n= 6-12/group).
(Genotype: F3, 38 = 1.444, p=0.2453; Day: F, 228) = 1.635, p=0.1823; Interaction: F1s, 228) =
0.7935, p=0.7071).

(C) Forward locomotion in response to cocaine (sensitization protocol: 15 mg/kg; ip) during 1
hour in WT, ChI-D2RKO, and hM4Di ChI-D2RKO mice using J60 (0.1 mg/kg; ip) 30 minutes
prior to cocaine (n=7-8/group) (Genotype: F2, 200 = 6.585, p=0.0064; Day: F(7, 140) = 86.45,
p<0.0001; Interaction: Fyi4, 140) = 4.567, p<0.0001).

(D) Quantifications of the number of c-Fos positive neurons per mm? (n=4/group) in the DMS 1
hour after the challenge injection of cocaine (10 mg/kg; ip) as shown in C. Genotype: F 2,8 =
12.44; p=0.0035. Bonferroni test: *'p<0.01 vs WT; #p<0.05 vs ChI-D2RKO. n= 3-4/group.
Values shown in B-D are mean = SEM.
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Figure S4: Antagonism of muscarinic receptors enables cocaine response in ChI-D2RKO
mice. Related to Figure 4.

1 mg/kg of scopolamine induces motor activity in both ChI-D2RKO and WT mice to the same
level (n=7-9/group). Genotype: Fi, 28 = 0.001413, p=0.9703; Treatment: F1,28) = 287.2,
p<0.0001; Interaction: Fyi1, 25 = 0.01977, p=0.8892. All values shown are mean + SEM.
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Figure S5: The reinforcing properties of cocaine are affected by loss of dopaminergic
inhibition of Chls. Related to Figure 7.

(A) Forward locomotion did not differ between WT and ChI-D2RKO mice during the pre-
conditioning (Genotype: Fi, 6s) = 0.8990, p=0.3464, Treatment: F3, 65 = 0.2518, p=0.8598;
Interaction: F3,65 = 0.7180, p=0.5446) or the (B) test day in the cocaine CPP experiment
(Genotype: F1,68 = 3.797, p=0.0555; Treatment: F3,65 = 2.233, p=0.0922; Interaction: Fi, ss)
=0.6334, p=0.5960).

(C) Forward locomotion in WT and ChI-D2RKO mice during conditioning in the presence or
absence of tropicamide (Genotype: Fi, 22 = 0.4011, p=0.4011; Treatment: Fi, 220 = 0.06136,
p=0.8067, Day: F4.495 9s.00) = 1.036, p=0.3973; Day x Treatment x Genotype: F, 1549 = 0.3786,
p=0.9138) and (D) during conditioning in cocaine treated mice in the presence or absence of
tropicamide; days are as indicated (Genotype: F1,43) = 3.296, p=0.0764, Treatment: F(i, 43) =

0.6232, p=0.4342, Day: F7, 301) = 80.68, p<0.0001; Day x Treatment x Genotype: F(7, 301) =
2.051, p=0.0487). Values shown in B-D are mean + SEM.

(E) Quantification of the number of c-fos-positive neurons in the DMS (Genotype: Fi, 16) =
7.208, p=0.0008; Treatment: F3,16) = 11.22, p=0.0003; Interaction: Fs, 16) = 7.208, p=0.0028)
and the (D) ventral striatum (Genotype: Fi, 16) = 7.945, p=0.0124; Treatment: F3, 16 = 10.79,
p=0.0004, Interaction F, 16) = 3.891, p=0.0290) per mm? observed 1 hour after the completion
of the test session (n=3/group). *p<0.05, vs saline of same genotype; *p<0.01 " *p<0.0001 vs
WT with same treatment. All values shown are mean = SEM.
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Figure S6: The reinforcing properties of food are affected by loss of dopaminergic
inhibition of Chls. Related to Figure 7.

(A) CPP score calculated for the specified groups (n=7-8/group). Genotype: F, 27 = 14.53,
p=0.0008; Treatment: F1,27) = 8.114, p=0.0085; Interaction: F,27) = 4.596, p=0.0416.

(B) Quantification of the number of c-fos-positive neurons in the DMS (Genotype: Fy1, 8 =
21.63, p=0.0016; Treatment: F1, 8 = 30.26, p=0.0006; Interaction: F, s = 20.17, p=0.0020)
and the (C) ventral striatum (Genotype: F, 8 = 25.00, p=0.0011; Treatment: F1, s = 49.00,
p=0.0001; Interaction F1, 8y = 19.36, p=0.0023) per mm? 1 hour after the test session
(n=3/group). All values depict mean + SEM.
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Figure S7: Intact spatial memory in ChI-D2RKO mice. Related to Figure 7.

(A) Cartoon illustrating the protocol used to perform the novel object recognition test.

(B) Discrimination index summarizing the time spent investigating the novel object as compared
to the known object during the testing session. Student’s t-test, p=0.4178.

(C) Forward locomotion during the test session (n=7/group). Student’s t-test, p=0.7129. Values
shown in B and C are mean = SEM.
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Chapter 6: Summary and Conclusions

In Chapter 2, we defined D2R isoform specific roles for cocaine’s effects. In basal
conditions, each individual isoform is sufficient for the control of motor activity and stereotypies.
Using D2R selective compounds however, the individual roles of each isoform can be observed.
We found that D2SKO mice are less sensitive to the motor reducing effects of the D2R agonist,
quinpirole, compared to WT and D2LKO mice. Relatedly, tyrosine hydroxylase phosphorylation,
which is linked to presynaptic D2R activation, is similarly unaffected in D2SKO mice. This
suggests a predominant presynaptic function for D2S. In contrast, D2LKO mice do not display
catalepsy to the D2R antagonist haloperidol, while WT and D2SKO mice did. Lack of catalepsy
in D2LKO mice mirrors that of mice with ablation of D2R in Chls. This suggests that D2L
mediated control of Chls plays a key role in regulating the effects of D2R selective compounds.
However, future studies using mice with specific deletions of D2L in Chls will need to be used to
carve out this hypothesis. Still, D2L has a clear function in the control of GABA release in striatal
neurons.

D2LKO mice have an abated psychomotor response to cocaine and lose the induction of
c-fos, indicating that loss of D2L in iMSNss also affects AMSN activation. The induction of c-fos
is rescued upon intrastriatal administration of the GABA. receptor antagonist, bicuculine, which
is comparable to observations seen in mice lacking both D2R isoforms in iMSNs. Thus, D2L in
iIMSN’s appears to be critical for intrastriatal regulation through the control of collateral projections
from iIMSNs to dMSN:ss. It is clear from this study that D2L’s heteroreceptor functions are critical
for regulating striatal output. However, the generation and study of mice with a genetic deletion

of D2L in iMSN’s or ChI’s will be necessary to elucidate how the expression of D2L in each
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neuron type contributes to the overall postsynaptic function of D2R as well as its role in regulating
cocaine’s effects.

In Chapter 3, we examined how D2R in iMSNs regulates the circadian clock of the nucleus
accumbens; we link D2R signaling in iMSNs with PPARYy activation in the regulation of de novo
oscillatory gene expression. In this study, WT and iMSN-D2RKO mice were given a single
injection of cocaine at the beginning of the light phase (ZT3). With this single exposure to cocaine,
observed that despite an overall lower motor behavior in iMSN-D2RKO mice compared to WT
controls, both genotypes maintained circadian rhythmicity in motor behavior. Relatedly, core
clock gene expression remained largely unaffected. Interestingly, transcriptomic analyses using
RNA-sequencing in the NAcc indicated an alteration in cycling transcripts. Indeed, cocaine treated
mice showed only 2% of rhythmic transcripts overlapped in in the NAcc between WT and iMSN-
D2RKO mice. By comparing detected cycling transcripts in each genotype-treatment condition,
we determined a list of de novo rhythmic genes. Analysis of the promoters of these genes revealed
PPARYy as a critical regulator of cocaine regulated gene rhythmicity in WT but not iIMSN-D2RKO
mice. Using immunofluorescence and in situ hybridization, we were able to visualize an increase
in nuclear PPARy in WT but not iMSN-D2RKO mice and determined that the lack of PPARy
expression was specific to iMSNss.

We then sought to understand how D2R signaling may regulate the cocaine driven
activation of PPARY as well as how this activation effected downstream gene expression. Using
ELISA, we found that cocaine increased PGJ2, a natural PPARY ligand. This finding corresponded
with an increase in the expression of PPARy target genes found in WT but not iMSN-D2RKO
mice as well as increased PPARy enrichment at the promoters of these genes. Pharmacological

activation of PPARY using pioglitazone overrides D2R’s control on PPARY activation, rescuing
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gene expression in iMSN-D2RKO mice. In context, PPARY is known to be an anti-inflammatory
molecule through its inhibition of inflammatory cytokines (Martin 2010). Several studies have
linked increased inflammation to neurological and psychiatric disorders (Degan et al. 2018; Skaper
et al. 2018; Bauer and Teixeira 2019; Kohno et al. 2019). It is tempting to speculate that people
with addiction who demonstrate low D2R binding availability in the striatum, much like the iMSN-
D2RKO mice studied here, lose the ability to regulate neuroinflammation possibly through
interactions between glial and neuroimmuno cells (Lacagnina et al. 2017). This dysregulation in
the mesolimbic system could possibly contribute to the transition from single use to addiction.

In Chapter 4, we took an unconventional approach to studying the effects of cocaine and
D2R signaling on liver physiology and circadian metabolism. We first observed that, in addition
to lower motor activity as previously observed, iMSN-D2RKO mice have reduced metabolic
parameters including body weight, calorie expenditure, chow consumption, water intake, and
gonadal fat content. This suggested that metabolism could possibly be disrupted in iMSN-D2RKO
mice. We looked to the liver, a highly metabolic peripheral organ that is sensitive to perturbation
and found that IMSN-D2RKO mice show a difference in the distribution of the number of rhythmic
metabolites compared to WT mice. Cocaine administration resulted in almost three-fold more
oscillating metabolites in iMSN-D2RKO mice compared to WT controls. It’s possible that this
results from the increase in metabolites oscillating from ZT2-ZT6 in iIMSN-D2RKO mice that is
not present in WT mice. Indeed, iMSN-D2RKO mice are more prone to induce de novo rthythmic
acylcarnitines after a cocaine challenge. Importantly, our findings show that the desynchrony
between the liver and striatum, in the absence of D2R in a neuron-type—specific manner, influences
liver homeostasis, which is exacerbated by cocaine. These findings link metabolites to drug use—

mediated alterations in the brain affecting peripheral tissues. We propose that a tight association
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exists between drug use and the increased susceptibility to metabolic diseases via altered
modulation of acylcarnitines and sphingomyelins in the liver.

In Chapter 5, we identified a key role for D2R in regulating cholinergic interneuron (Chl)
activity which underlies cocaine’s psychostimulating and rewarding effects. We discovered that
mice lacking D2R in Chls (ChI-D2RKO) have a reduction in the motor stimulating effects of
cocaine as well as AMSN activation markers, c-fos and p-RPS65¢235/236. RN A -sequencing revealed
a transcriptomic rewiring of the dorsomedial striatum. Key transcription factors known to be
induced after addictive drug intake and are implicated in addiction increase in WT mice, but not
in ChI-D2RKO mice. Since D2R is an inhibitory receptor, we hypothesized that the absence of
D2R in Chls leads to increased Chl activity following cocaine intake. In support of this hypothesis,
chemogenetic inhibition of Chls rescues acute and sensitization effects of cocaine. We then found
that muscarinic receptor activation was leading to the reduced motor activity and dMSN cellular
activation because prior administration with a subthreshold dose of scopolamine, a non-selective
muscarinic antagonist, rescues the effects of cocaine in ChI-D2RKO mice. Muscarinic type 1
receptors (M1R) are expressed mainly in iMSNs while Muscarinic type 4 receptors (M4R) are
overexpressed in dMSNs. We tested whether this increase in Chl activity and consequent ACh
levels directly inhibited dMSNs through M4R activation or if M1R activation in iMSNs inhibits
dMSNSs through inhibitory collaterals. The M1R antagonist, VU0255035, fails to rescue the Chl-
D2RKO phenotypes while the M4R antagonist tropicamide rescues the motor and cellular effects
of cocaine. Finally, ChI-D2RKO mice do not exhibit cocaine conditioned place preference.
However, with prior administration of tropicamide during the conditioning phase, cocaine CPP is
rescued in ChI-D2RKO mice. It is clear that the balance of dopamine and ACh in the striatum

(Cachope et al. 2012; Cachope and Cheer 2014) is critical for regulating the effects of cocaine.
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M4R overstimulation, as a result of a shift in the balance towards ACh, prevents the cellular, motor,
and reinforcing effects of cocaine. Therefore, it is tempting to speculate that Chl mediated control
of the striatum plays a much greater role in reward processing than one might expect based on
their abundance. A common future of drugs of abuse, in addition to increasing dopamine levels,
may be to dysregulate (lower) striatal ACh tone from Chls as a means of controlling reward
processing. This control of cholinergic tone may then affect signal transduction pathways in MSN’s
that underlies changes in synaptic plasticity and drive continued substance use. If so, compounds
allowing for the selective activation of Chls or those activating downstream ACh receptors (e.g.
M4R) may be useful in the treatment of substance use disorders. Future studies assessing this
possibility and the molecular mechanisms driving striatal ACh’s control on reward will need to be

conducted.
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