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The circadian clock is tightly intertwined with metabolism and relies heavily on multi-
faceted 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 reprogram-
ming of circadian gene expression and metabolism in the reward system. However,
whether altered dopamine signaling in the brain affects circadian metabolism in periph-
eral 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 sig-
naling 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.
circadian metabolism | reward | striatum | circadian rhythm | addiction

Substance use disorders affect millions of people worldwide (1). The rewarding proper-
ties 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 (2). 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 (3).

The striatum is a key reward region that receives dopaminergic inputs from the ven-
tral 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 (4-6). However,
the ventral striatum (particularly the nucleus accumbens [NAcc]) is involved in reward
evaluation and incentive-based learning (7-9). Prominent cell types in the striatum are
the inhibitory y-aminobutyric acid—producing medium spiny neurons (MSNs), which
make up 90 to 95% of the striatal neuronal population (10). Two output pathways
originate from MSNs: the direct pathway formed by MSNs (dMSNs) expressing dopa-
mine D1 receptors (DIR) 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
activity in these neurons has been extensively implicated in addiction (11).

The development and progression of substance use disorders generates perturbations in
circadian rhythms (12, 13). Disrupted circadian rhythms may result from a combination
of substance abuse and genetic and environmental factors (12, 13), which interfere with
metabolism. Transcription factors CLOCK and BMALI regulate the rhythmic expression
of mammalian clock—controlled genes (14). Among these genes, Period (Perl-3) and Cryp-
tochrome (CryI-2) subsequently inhibit CLOCK-BMALI-mediated gene expression (15),
driving a transcriptionaltranslational circadian feedback loop that operates in a 24-h
cycle.

Importantly, the circadian clock is a network of biological pacemakers found in vir-
tually all tissues of the body. These pacemakers direct and maintain proper rhythmic
homeostasis through various endocrine and metabolic pathways (16, 17). Circadian
clocks are influenced by environmental cues such as food intake, physical exercise, and
social activities that show tissue-specific effects (18, 19). 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.

Interorgan communication is critical for maintaining organismal synchrony and sys-
temic homeostasis, as demonstrated by the plastic response of metabolites among vari-
ous organs following an environmental stressor (20). We investigated the interorgan
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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 interorgan com-
munication 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. Inter-
estingly, in addition to metabolic changes found in untreated
mice between genotypes, cocaine administration in iMSN-
D2RKO mice leads to reprogramming of circadian gene expres-
sion in the NAcc (21). 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 treat-
ment. Furthermore, we observed dynamic diurnal changes in the
number and class of rhythmic metabolites in saline-treated mice.
Strikingly, the livers of mice administered cocaine showed a
dampened response to the time-of-day variances. In combination
with loss of D2R in iMSNs, cocaine increased the total number
of oscillating metabolites 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 interorgan interaction in
response to cocaine, which strongly modifies the basal physiology
and circadian rhythms not only in the brain (22) but also in the
liver. These results highlight an unexpected level of communica-
tion between striatal neurons and liver metabolism, which might
also contribute to development of substance use disorders.

Results

Diurnal Metabolic Behavioral Phenotypes of iMSN-D2RKO
Mice. In the striatum, dopamine receptor signaling is critical
for the control of physiological responses, including eating (23)
and motor behavior (24), 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
(25), 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 wk after birth; thereafter, iMSN-
D2RKO mice had reduced weight in comparison to WT con-
trols [two-way ANOVA mixed-effects analysis; time ;¢ 436) =
548.7, P < 0.0001; genotype Fy41) = 78.08, P < 0.0001;
interaction Fi6436) = 2.24, P = 0.0040] (Fig. 1A4). Thus, we
examined diurnal activity and energy expenditure along with
eating and drinking behaviors in calorimetric cages, which
could explain this difference between adult iIMSN-D2RKO and
WT mice. In agreement with previous data (26), we found that
in actimetric cages, iMSN-D2RKO mice show significantly
lower beam break counts than 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) compared to WT littermates. Relatedly,
iMSN-D2RKO mice showed decreased chow consumption
(Fig. 1D) compared to their WT littermates during the dark
phase (P = 0.0019) but not the light phase (? = 0.5951); the

same trend was observed for water intake (dark, P = 0.0345;
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light, P = 0.4292) (Fig. 1E). Interestingly, despite decreased
chow consumption and lower weight, adult iMSN-D2RKO
mice had significantly higher gonadal fat content than their
WT counterparts (P = 0.0001) (Fig. 17).

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 reprogram-
ming the liver metabolome (21, 27-32) along the circadian
cycle. Thus, we analyzed hepatic metabolites during the circa-
dian cycle in iMSN-D2RKO and WT siblings. For this, we
harvested liver tissue from mice of both genotypes every 4
h spanning a full circadian cycle for a total of six time points
(Zeitgeber time [ZT] 3, 7, 11, 15, 19, and 23). Gene expres-
sion of core clock genes confirmed the rhythmicity of the sam-
ples used for metabolite analyses (S Appendix, Fig. S1). The
hepatic metabolome was quantified by mass spectrometry. Cir-
cadian rhythmicity was analyzed using JTK_CYCLE (33), a
nonparametric test, to determine the number of significantly
oscillating (P < 0.05; with a period of ~24 h) circadian metab-
olites for each genotype (Fig. 24). We found that 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 (21, 27-32). Importantly, ~80%
of the oscillating metabolites were lipids, including acylcarni-
tines, phosphatidylcholines, sphingomyelins, and lysophospha-
tidylcholines. The remaining oscillating metabolites belonged
to the amino acids and biogenic amines groups (Fig. 2B). Spe-
cifically, ~32% of the rhythmic metabolites in the WT and
46% in the iMSN-D2RKO livers were amino acid-derived
metabolites. Phase analyses revealed ZT8 and ZT14 to ZT18
as the main time points at which circadian metabolites peak in
abundance (Fig. 2C). Likewise, the amplitudes of the oscillating
metabolites were nearly consistent in both WT and iMSN-
D2RKO mice (S Appendix, Fig. S2A). These data show that
rthythmic 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. 2 D and E). Surprisingly, in iMSN-
D2RKO mice, ~44% of liver metabolites lost rhythmicity
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, acylcar-
nitines show the greatest loss of rhythmicity in iMSN-D2RKO
livers (Fig. 2 Fand G). We analyzed the circadian gene expres-
sion profile of the metabolic enzyme carnitine palmitoyltrans-
ferase 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 (S Appendix,
Fig. S2B). It is tempting to speculate that this increased expres-
sion is likely to contribute to the loss of rhythmicity of the five
acylcarnitines in the IMSN-D2RKO livers (S7 Appendix, Fig. S2C).
Conversely, a threefold increase was found for newly oscillating
metabolites in the iIMSN-D2RKO livers, which consisted of
some amino acids, including methionine and leucine. Metabo-
lites consistently rhythmic in both genotypes included amino
acids, biogenic amines, acylcarnitines, and phosphatidylcholines.
These analyses demonstrate a previously ignored influence of
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Fig. 1.

Diurnal metabolic behavioral phenotypes of iMSN-D2RKO mice. (A, Left) Body weights of WT (pink circles) and iMSN-D2RKO (blue triangles) mice

were recorded once a week from birth to 16 wk of age. A two-way ANOVA mixed-effects analysis was performed; time F¢,436 = 548.7, P < 0.0001; genotype
Fa1,a1y = 78.08, P < 0.0001; interaction F6436) = 2.24, P = 0.0040; Bonferroni post hoc test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Right, Area
under 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 15 = 50.22, P < 0.0001; genotype Fg 15 = 7.540,
P =0.0133; interaction F4,15) = 5.533, P = 0.0302. (C) Energy expenditure while in the metabolic cages was recorded in iMSN-D2RKO and WT mice; two-way
ANOVA; phase F1,22) = 271.3, P < 0.0001; genotype F 22y = 14.99, P = 0.0008; interaction Fg,22) = 4.352, P = 0.0488. (D) Bar graph showing chow consumption
[phase Fp .15 = 84.35, P < 0.0001; genotype F,15 = 10.88, P = 0.0040; interaction F 20y = 1.995, P = 0.1731]. (E) Water intake of iMSN-D2RKO and WT mice
in the metabolic cages as a portion of their body weight; two-way ANOVA; phase Fq 15 = 84.35, P < 0.0001; genotype F1,15 = 10.88, P = 0.0040;
interaction F120) = 1.995, P = 0.1731. (F) Gonadal fat of iMSN-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.

striatal neurons on the liver, as distinct metabolites show altered
circadian profiles in the livers of iMSN-D2RKO mice 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 striacum and disrupt the circadian cycle (22). For this, we
compared the liver metabolome in saline- and cocaine-treated
(administered at ZT3) WT and iMSN-D2RKO mice. Strik-
ingly, ~73% of the metabolites oscillating in saline-treated WT
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mice lost their rhythmicity after cocaine administration. Only
~26% of the previously oscillating metabolites in saline condi-
tions retained their rhythmicity after acute cocaine treatment
(Fig. 3 A and B). The amplitude of circadian oscillations in
both saline- and cocaine-treated WT mice followed similar pat-
terns, indicating that the robustness of the oscillations is
unchanged by cocaine (87 Appendix, Fig. S3A). Intriguingly, in
WT livers, cocaine administration led to four times less oscillat-
ing acylcarnitines (Fig. 3C).

Twenty-five percent of circadian metabolites in iIMSN-
D2RKO livers lost rhythmicity after cocaine administration
compared to saline-treated control mouse tissue (Fig. 3D).
Conversely, 75% of oscillating metabolites in saline-treated
iMSN-D2RKO mice were unaffected by cocaine administration.

https://doi.org/10.1073/pnas.2117113119 3 of 8


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117113119/-/DCSupplemental

A WT iMSN-D2RKO B WT  iMsN-D2rRko  C
P B wWT
34 metabolites 32 metabolites 1 [ iMSN-D2RKO
‘ q=i 228 2 2 228 g 2
= 2 A 4 200 4
—— 18 6 18 6
- 16 WB 16 % 8
14 10 14 10
;' Il Amino Acids = 2
18 — L) = B\cgenielfl‘\mmes
C————— C————— Bl Acylcamitines

ZT 37 111519 23 37111519 23

Hl Phosphatidylcholines
@ Lysophosphatidylcholine

WT iMSN-D2RKO WT only Both iMSN-D2RKO only
— I I
 — ]
| Sl | " =
| L . -
9 . u e
44.1% 40.6% ol ot A
| .
o g '
| N | - m ..
- - - ) -
2 0 2 2 0 2 -
F G WT only Both  iIMSN-D2RKO only
I
= 2>
= PCaeC38:0 Citruline Asymmetric dimethylarginine
= o 2 80 80 3
i 270 ’\/\ 60 2
@5 o . |
ge £ 60 / 40 \—/\ : M/
g %é Ss0 20 |
2 S 40 |
EEE:’)‘E T 7T U5 Fiitedes U 37 fimiem
E s 258 Hydroxybutyrylcamitine trans-4-Hydroxyproline Methionine
s58EE 215 80 200
ESTLE 2.5 60 150
I@mEa 3 g : 40 \/\ T
10RO % T w 50
O 20.0 i} o
~ 37 11151823 3711151923 37 11151923
r Acetyicamitine PCaeC40:2 Leucine
N 2 150) =WT 8 500
N 2 IMSN-D2RKO 400 /’\/\
s 210 3 /\/\ 300
& < 5 . 200
[ 100
E e o 0 0
. 37 11151923

371151923

37 11151923
ZT T T

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, and 11) and dark (ZT15, 19, and 23) time points, respectively. (B) Pie charts representing the
percentage of metabolites of each class displaying rhythmic oscillations in WT (Left, pink) or iMSN-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. () 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, and 11) and dark (ZT15, 19, and 23) time points, 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.

Nevertheless, a staggering number of de novo oscillating metabo-
lites were induced in iMSN-D2RKO livers after cocaine treatment
compared to livers from saline-treated mice (Fig. 3 D and E).
Treatments (saline or cocaine) did not affect the amplitude of the
oscillations in iIMSN-D2RKO liver metabolites (S/ Appendix, Fig.
S3B). Interestingly, the number of rhythmic acylcarnitines and
phosphatidylcholines identified in the cocaine-treated iMSN-
D2RKO mice increased well above that of saline-treated mice
(Fig. 3F). Thus, loss of D2R signaling in the striatal iMSNs criti-
cally 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 (22, 34). Thus, we analyzed and compared the full cir-
cadian metabolic profiles of livers from iMSN-D2RKO and
WT mice given a single injection of cocaine at ZT3 (Fig. 3
G-1). No major changes were observed in the amplitude of
oscillating metabolites common between cocaine-treated

iIMSN-D2RKO and WT mice (SI Appendix, Fig. S30).
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Moreover, 16% of detected metabolites were oscillating in WT
mice treated with cocaine, whereas up to ~41% were oscillating
in iMSN-D2RKO mice (Fig. 3G). Additionally, the phase of
the identified circadian metabolites did not coincide between
cocaine-treated WT and iMSN-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 and ZT6. This difference in peak between the
WT and iMSN-D2RKO cocaine-treated groups is not depen-
dent 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 con-
sistent 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 metab-
olites in iIMSN-D2RKO mice (Fig. 3/). Our data point to a
striatal D2R-mediated control of circadian liver metabolites
and show that dopamine signaling in the brain contributes to
the regulation of liver physiology.
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Fig. 3. Cocaine-induced disruption of liver circadian metabolites. (A) Venn diagram representing the hepatic rhythmic metabolites in saline-treated (pink)
and cocaine-treated (green) WT mouse liver. (B) Heat maps of circadian metabolites exclusively in saline-treated (pink) or cocaine-treated (green) WT mouse
liver and circadian in both (Middle). White and black bars indicate the light (ZT3, 7, and 11) and dark (ZT15, 19, and 23) time points, respectively. (C) Pie charts
representing the percentage of metabolites of each class displaying rhythmic oscillations exclusively in saline-treated (pink) or cocaine-treated (green) WT
mouse liver and circadian in both (Middle). (D) Venn diagram representing the hepatic rhythmic metabolites in saline-treated (blue) and cocaine-treated (pur-
ple) iIMSN-D2RKO mouse liver. (E) Heat maps of circadian metabolites exclusively in saline-treated (blue) or cocaine-treated (purple) iIMSN-D2RKO mouse liver
and circadian in both (Middle). White and black bars indicate the light (ZT3, 7, and 11) and dark (ZT15, 19, and 23) time points, respectively. (F) Pie charts rep-
resenting the percentage of metabolites of each class displaying rhythmic oscillations exclusively in saline-treated (blue) or cocaine-treated (purple) iMSN-
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, and 11) and dark (ZT15, 19, and 23) time points, respectively. (H) Radar plots displaying the phase
analysis of metabolites cycling in livers of cocaine-treated WT (green) or iMSN-D2RKO mice (purple). (/) 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 tis-

sues used for analyses were collected from male mice.

Effects of Cocaine on the Diurnal Liver Metabolome. Environ-
mental cues, including light, food intake, and exercise, help
maintain circadian synchrony of central and peripheral tissues
(35). Disturbances to these cues can result in systemic clock
desynchrony and have detrimental effects on organismal
homeostasis (36). To determine time-of-day—dependent differ-
ences in metabolite levels in the liver, we compared the metab-
olomic 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. 44). The
majority of the metabolomic changes observed in the WT
saline-treated mouse liver between ZT'11 and ZT23 were found
in phosphatidylcholines, acylcarnitines, and, to a lesser extent,
biogenic amines (” < 0.05, ANOVA Benjamini-Hochberg cor-
rected). Only after cocaine treatment did time-of-day—depend-
ent metabolites in the WT liver include sphingomyelins and
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lysophosphatidylcholines (P < 0.05, ANOVA Benjamini-
Hochberg corrected) (Fig. 44). iMSN-D2RKO mice treated
with cocaine show a striking decrease in the number of phos-
phatidylcholines that change with time in the liver (2 < 0.05,
ANOVA Benjamini-Hochberg corrected), an indication that a
combination of cocaine and a loss of D2R greatly perturb phos-
pholipid metabolism. A principal component analysis was
performed to assess the correlation between and within the
four experimental conditions: WT saline, WT cocaine, iMSN-
D2RKO saline, and iMSN-D2RKO cocaine at each time point
(ST Appendix, Fig. S4). When both time points were combined,
no obvious correlation was determined among the four datasets,
suggesting that the genotype X treatment interaction is influ-
enced by time. Indeed, when separated by time point, clusters
for each group were apparent, although less so at ZT23 (87
Appendix, Fig. S4). Further, we compared the up-regulation of
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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 different levels at ZT11 versus ZT23 in saline- or cocaine-treated
WT or iMSN-D2RKO mice as indicated. (B) Number of metabolites up-
regulated at either ZT11 or ZT23 in saline- or cocaine-treated mice as indi-
cated. (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 time points were identified when the P value
was <0.05 (red dots); n = 5, ANOVA Benjamini-Hochberg corrected, cutoff,
P < 0.05; pVal, P value.

the metabolites at ZT11 and ZT23 (Fig. 4B). In the liver of
saline-treated mice, we found that 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). In the saline condition, a time-dependent
up-regulation of phosphatidylcholines was observed at ZT23 in
WT and iMSN-D2RKO livers (Fig. 4C). Surprisingly, cocaine
reversed this trend and induced higher metabolite levels at ZT11
than at ZT23 in the livers of WT mice (P < 0.05, ANOVA
Benjamini-Hochberg corrected) (Fig. 4B). Cocaine up-regulated
lysophosphatidylcholines, sphingomyelins, and phosphatidylcho-
lines in WT mice at ZT11 (P < 0.05, ANOVA
Benjamini-Hochberg corrected). Conversely, at ZT11, livers of
cocaine-treated iIMSN-D2RKO mice showed an up-regulation
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.
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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 cir-
cuitry consists of dopaminergic projections arising from the
midbrain and projecting to the striatum. The dorsal striatum is
involved in decision-making, including initiation and action
selection, controls habitual behavior, and mediates valiance and
magnitude (4-6). Relatedly, the ventral striatum, in particular
the NAcc, is most appreciated for its involvement in reward proc-
essing and evaluation as well as incentive-based learning (7-9).
The connections and mechanisms linking different neurons to the
generation of reward is a topic of great importance and interest
(37, 38). The major constituents of the striatum, the MSNs, serve
as this brain structure’s exclusive output neurons (39). Human
studies have shown that people with addiction have decreased
D2R binding availability in the striatum regardless of the class of
drug being used (40). 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 the striatum. Despite the presence of cocaine, loss
of D2R results in reduced movement and locomotor behavior
(Fig. 1B) (26). The absence of D2R alone alters a number of
metabolic parameters, including body weight, food intake, energy
expenditure, and fat tissue accumulation (Fig. 1 C-E). As expected,
these metabolic parameters changed in a time-of-day—dependent
manner due to the intimate link between metabolism and the cir-
cadian 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 cir-
cadian parameters of the metabolites in the liver (Fig. 2). Yet,
quite surprisingly, we demonstrate that the changes induced in
the absence of D2R are found in the distribution of the num-
ber 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 WT but not in iIMSN-D2RKO mice.
Previous studies demonstrate a strong association between acylcar-
nitines and insulin resistance in people suffering from type 2 dia-
betes (41, 42).

The peripheral metabolic impact of the loss of striatal D2R sig-
naling could be clearly seen in the presence of cocaine. Indeed,
this dopaminergic challenge resulted in almost threefold more
oscillating metabolites in cocaine-treated iIMSN-D2RKO mice
than in WT controls (Fig. 34). A large number of these metabo-
lites could be the result of an increase in metabolites oscillating
between ZT2 and ZT6 in iMSN-D2RKO mice that is not pre-
sent in WT mice (Fig. 3B). Importantly, we found that acylcarni-
tines and phosphatidylcholines were metabolite classes in the liver
highly altered by cocaine administration in iIMSN-D2RKO. It
can be argued that some of the observed changes can be ascribed
to 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 (43).

The liver uses excess glucose from food and converts it
into fatty acids, which are stored as visceral fat to promote
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long-term energy storage. We find that the iMSN-D2RKO
animals have a higher fat-to-body weight ratio than WT litter-
mates (Fig. 1F). Lipidomic analyses of cocaine-treated mice
discovered that an increase in lipid metabolism resulted in a
protective effect against hepatotoxicity (31). 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 (44, 45). 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 manner (22). 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 (27).
Metabolic intertissue 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 time points (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 (46,
47). Future studies will be aimed at examining the specific
metabolites identified in greater detail to unravel the mecha-
nisms 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 met-
abolic diseases.

In this study, we take an unconventional angle to study the
effects of the dopaminergic pathways and the consequences of
drugs of abuse on the periphery. We identify 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 desyn-
chrony 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 metabo-
lites 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 suscepti-
bility to metabolic diseases (48-53) via altered modulation of
acylcarnitines and sphingomyelins in the liver. Future studies
should seek to identify other key players of the intertissue com-
munication in an effort to prevent drug use—induced metabolic
disorders.

Methods

Animals. Three-month-old male iIMSN-D2RKO mice were generated by mating
D2R™M* mice (WT) with D2R1“IPTRCRER" mice (iMSN-D2RKO) with a
genetic background of 98.44% C57BL6 x 1.56% 1295V mouse strains (54). The
ability of D1R CRE to eliminate D2R in iMSNs stems from the common expres-
sion of DTR and D2R in embryonic MSN precursors (55). D2R ablation in iMSNs
was previously confirmed by recording D2R-specific binding using *H-labeled
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ligand on striatal extracts as well as in situ hybridization experiments using
riboprobes targeting GAT1 as an MSN marker and exon 2 of D2R (54). Mice
were maintained on a standard 12-h light/12-h dark cycle; food and water were
available ad libitum in ~25 °C; humidity was 40 to 60%. Animal care and use
was in accordance with guidelines of the Institutional Animal Care and Use Com-
mittee at the University of California, Irvine. Genotype identification was per-
formed by Southern blot and PCR analyses of DNA extracted from tail biopsies.

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 to 6:30 PM) and
during the dark cycle (6:30 PM to 6:30 AM) or every hour. Chow intake was mea-
sured every day for 5 consecutive days at 6:00 PM. Food intake was calculated as
the grams of food consumed in 24 h over the body weight of the mouse.

RNA Extraction, Reverse Transcription, and Quantitative Real-Time
Polymerase Chain Reaction Analyses. Total RNA was extracted from mouse

liver tissue using TRIzol (Invitrogen, catalog no. 15596026) following manufac-
turer's recommendation. Total RNA (1 pg) was reverse-transcribed to synthesize
¢DNA using Maxima H Minus cDNA Synthesis Master Mix (ThermoFisher Scien-
tific, catalog no. M1662), according to manufacturer's protocol. cDNA (1:10) was
used for quantitative realtime PCR using PowerUp SYBR Master Mix (Thermo-
Fisher Scientific, catalog no. A25741) and ran on a QuantStudio 3 Real-Time
PCR System. Gene expression was normalized to 18S rRNA (1:500 ¢DNA). Primer
sequences used for gene expression analyses were as follows: mDbp Fwd: 5
AATGACCTTTGAACCTGATCCCGCT-3', Rev: 5'- GCTCCAGTACTTCTCATCCTTCTGT-3'.
mBmalT Fwd: 5-GCAGTGCCACTGACTACCAAGA-3', Rev: 5'- TCCTGGACATIGCATTG-
CAT-3". mPerT Fwd: 5"-ACCAGCGTGTCATGATGACATA-3', Rev: 5'- GTGCACAGCACC-
CAGTTCCC-3". mCptla Fwd: 5-TGACTGGTGGGAGGAATACA-3', Rev: 5'- AGTATGG
CGTGGATGGTGIT-3". The 18S rRNA Fwd: 5-CGCCGCTAGAGGTGAAATTC-3', Rev: 5"
CGAACCTCCGACTTTCGITCT-3".

Cocaine Treatment. Before cocaine treatments, mice were handled for at least
3 d for 5min. On the day of treatment, mice were administered either cocaine
or saline. Cocaine (Sigma, catalog no. C5776) was dissolved in saline (NaCl
0.9%) and injected intraperitoneally at a dose of 20 mg kg~

Metabolomics Analyses. Metabolite levels were measured from WT and
iMSN-D2RKO mouse liver tissue harvested at 213, 7, 11, 15, 19 and 23 after an
intraperitoneal injection of saline or cocaine ata dose of 20 mg kg~ at ZT3; five
replicates were used/time point/treatment. Metabolomic analyses were per-
formed by Biocrates focusing on metabolites critical for neuronal structure, func-
tion, and signaling (56, 57) using the AbsolutelDQ 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 of extraction
buffer per milligram of wet weight. The samples were then sonicated, vortexed,
and homogenized using a Precellys-24 instrument (Bertin Technologies). After
homogenization, an aliquot of each supernatant was centrifuged and used for
metabolomics measurements.

The measurements were run according to the AbsolutelDQ p180 kit manufac-
turer'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/EP1875
401B1). In short, Biocrates' commercially available kit plates were used for the
quantification of amino acids, acylcarnitines, sphingomyelins, phosphatidylcho-
lines, hexoses, and biogenic amines. The fully automated assay was based on
phenyl isothiocyanate derivatization in the presence of internal standards, fol-
lowed by flow injection analysis-tandem mass spectrometry for acylcarnitines, lip-
ids, and hexose and liquid chromatography-tandem mass spectrometry for amino
acids and biogenic amines using an AB SCIEX 4000 QTrap mass spectrometer
(AB SCIEX) with electrospray ionization. Data were quantified using Sciex Analyst
and imported into the Biocrates MetlDQ software for further analysis.

Statistics and Bioinformatics Analyses. Statistical and bioinformatics analy-
ses 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
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to one outlier replicate from each condition. Heat maps for the metabolite pro-
files 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 was used to perform statistical analyses and generate principal com-
ponent analysis plots. Two-way ANOVA or a two-way ANOVA mixed-effects model
followed by Tukey's multiple comparison post hoc test was used as appropriate;
a P value of <0.05 was considered statistically significant. Values are presented
as mean + SEM. ANOVA Benjamini-Hochberg-corrected statistical analysis was
performed to calculate the time-dependent effects.

Data Availability. All metabolomic data are included in the article and/or sup-
porting information.
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