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Abstract

Antipsychotic drugs (APD) have clinically important, adverse effects on metabolism that limit
their therapeutic utility. Pancreatic beta cells produce dopamine and express the D, dopamine
receptor (D2R). As D2R antagonists, APDs alter glucose-stimulated insulin secretion, indicating
that dopamine likely plays a role in APD-induced metabolic dysfunction. Insulin secretion from
beta cells is also modulated by the circadian clock. Disturbed circadian rhythms cause metabolic
disturbances similar to those observed in APD-treated subjects. Given the importance of dopamine
and circadian rhythms for beta cells, we hypothesized that the beta cell dopamine system and
circadian clock interact and dually regulate insulin secretion, and that circadian manipulations may
alter the metabolic impact of APDs. We measured circadian rhythms, insulin release, and the
impact of dopamine upon these processes in beta cells using bioluminescent reporters. We then
assessed the impact of circadian timing on weight gain and metabolic outcomes in mice treated
with the APD sulpiride at the onset of light or dark. We found that molecular components of the
dopamine system were rhythmically expressed in beta cells. D2R stimulation by endogenous
dopamine or the agonist bromocriptine reduced circadian rhythm amplitude, and altered the
temporal profile of insulin secretion. Sulpiride caused greater weight gain and hyperinsulinemia in
mice when given in the dark phase compared to the light phase. D2R-acting drugs affect circadian-
dopamine interactions and modulate beta cell metabolic function. These findings identify circadian
timing as a novel and important mechanism underlying APD-induced metabolic dysfunction,
offering new possibilities for therapeutic interventions
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Introduction

Antipsychotic drugs (APDs) are effective treatments for schizophrenia, bipolar disorder, and
major depression. Despite important differences, nearly all APDs produce significant
metabolic side effects including weight gain, and insulin resistance (Fleischhacker et al.,
2013; Freyberg et al., 2017; Rajkumar et al., 2017; Vazquez-Bourgon et al., 2018). These
metabolic disturbances place patients at risk for cardiac disease and type 2 diabetes (T2D),
causing excess morbidity and reducing life span (Goldstein et al., 2015; Khan et al., 2013;
Laursen et al., 2007).

The mechanisms underlying APD-induced metabolic dysfunction are incompletely
understood, but may involve antagonism of dopamine D, receptors (D2R). D2R is expressed
in pancreatic beta cells where it functions as a negative modulator of glucose-stimulated
insulin secretion (GSIS) (Farino et al., 2019; Simpson et al., 2012). By blocking D2R, APDs
prolong the duration of insulin release and increase target tissue insulin resistance (Ballon et
al., 2014, 2018; Farino et al., 2019). Conversely, D2R stimulation may improve metabolic
function. Bromocriptine, a D2R agonist, improves insulin sensitivity, and promotes weight
loss in T2D (Cincotta and Meier, 1996; Kok et al., 2006).

Recent work has characterized dopamine’s role in regulating GSIS (Farino et al., 2019;
Simpson et al., 2012; Ustione et al., 2013). Like neurons, beta cells express the genes
necessary for dopamine biosynthesis, catabolism and signaling (Farino et al., 2019; Simpson
et al., 2012). However, unlike neurons, beta cell dopamine synthesis relies upon glucose-
sensitive uptake of L-DOPA and its conversion by L-DOPA decarboxylase (DDC) into
dopamine (Farino et al., 2019; Korner et al., 2019). Autocrine/paracrine dopamine release in
beta cells diminishes insulin secretion and maintains glucose homeostasis (Rubi et al., 2005;
Simpson et al., 2012). Disruption of beta cell D2R signaling either pharmacologically or
genetically results in metabolic disturbances including elevated insulin levels.

Insulin release and glucose sensitivity follow circadian rhythms that are independent of
feeding (Merl et al., 2004; Polonsky et al., 1988; Schulz et al., 1983). Since feeding
behaviors are coordinated with activity and sleep (Acosta-Rodriguez et al., 2017), and beta
cell dopamine synthesis is coupled to dietary precursor intake (Farino et al., 2019; Goldstein
et al., 2003), dopamine’s functions in the beta cell may also be subject to regulation by the
circadian clock to anticipate the expected changes in glucose and amino acids that follow
feeding and fasting (Freyberg and McCarthy, 2017). Levels of L-DOPA, glucose and
dopamine change over the day depending on feeding status and metabolic state (Goldstein et
al., 2003). Therefore, changes in beta cell capacity to synthesize dopamine from L-DOPA
and to terminate dopamine signaling may provide cells with an important means of
controlling insulin secretion. Such temporal control of glucose metabolism, insulin release
and dopamine signaling likely requires coordination with the circadian clock.
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Disrupted circadian rhythms have been identified as a risk factor for weight gain and insulin
resistance (Perelis et al., 2016; Stenvers et al., 2019). In animals, disruptions of circadian
rhythms cause obesity and hyperglycemia both in systemic (Marcheva et al., 2010; Turek et
al., 2005) and tissue-specific clock gene knockouts restricted to adipose (Paschos et al.,
2012), liver (Lamia et al., 2008) or beta cells (Perelis et al., 2015; Saini et al., 2016).
Therefore, one mechanism by which D2R could affect metabolism is by altering the
circadian rhythm of insulin release. In the brain, key genetic components of the dopamine
system are regulated by the circadian clock (Chung et al., 2014; Ozburn et al., 2015). Recent
work suggests beta cells express a variety of rhythmic transcripts, including components of
monoaminergic signaling systems (Petrenko et al., 2017). However, the degree to which beta
cell dopamine metabolism is rhythmic or how it affects the response to APDs remains
unknown.

Presently, we hypothesize that APDs cause some of their adverse metabolic effects by
altering beta cell dopamine signals and circadian rhythms, thereby disrupting the rhythmic
release of insulin. To test this idea, we examined circadian-dopamine interactions using
INS-1E beta cells (Farino et al., 2016; Merglen et al., 2004) to first determine the extent to
which the dopamine system is temporally regulated by the circadian clock; and then to
determine whether dopaminergic drugs exert effects on insulin by way of the circadian
clock. Finally, we have investigated whether the daily timing of APD dosing in mice affects
the weight gain and metabolic impact of APDs. We find that both D2R agonists and
antagonists modify beta cell clock function and rhythmic insulin secretion. Moreover, we
find that the timing of APD administration plays a crucial role in determining the metabolic
impact of these drugs. These data suggest a fundamentally new and important mechanism by
which these drugs act on peripheral targets to alter metabolism /n7 vivo. Our results may have
implications for understanding the mechanisms by which APDs cause metabolic side effects
through dopamine-circadian clock interactions and may offer new opportunities to mitigate
the metabolic liability of APDs via novel circadian interventions.

Methods and materials

L-DOPA, bromacriptine mesylate and (S)-(-)-sulpiride were purchased from Tocris
(Minneapolis, MN). Drugs were dissolved in DMSO (Sigma-Aldrich, St. Louis, MO).

Cell culture

Rat INS-1E beta cells (Dr. Pierre Maechler, Université de Genéve) were maintained in a
humidified 37 °C incubator with 5 % CO». Cells were cultured with RPMI 1640 medium
(Life Technologies Corp., Norwalk, CT) supplemented with 5 % (v/v) heat inactivated fetal
bovine serum, 2 mM glutamate, 10 mM HEPES, 1 mM sodium pyruvate, 100 units/mL
penicillin, 100 pg/mL streptomycin, and 50 pM 2-mercaptoethanol.

Gene expression analyses

For gene expression studies, cellular rhythms were synchronized with a media change.
Starting three hours later, duplicate samples were collected for RNA analysis at 6 h intervals
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over 24 h. RNA was isolated using an RNeasy kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. cDNA (~750 ng) was then obtained using a cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA). Gene expression was estimated by
quantitative real-time PCR (qRT-PCR) using a CFX384 thermocycler (Bio-Rad, Hercules,
CA). Pre-validated Tagman primers (Thermo Fisher Scientific, Waltham, MA) were used to
measure expression of Bmall (Amtl), Cry1, Per2, Maob, Comt, Th, Ddc, Drd2, and AdraZc.
Expression of each gene was normalized to a housekeeping gene, Gapadh (experimentally
verified as non-rhythmic in INS1 cells). Target gene expression at a given time was
estimated by calculating 22Ct where ACt is the difference in cycle threshold between Gapadh
and the target gene. Expression at a given time was then normalized as a percent value of the
mean expression level across all time points. Two to three biological replicates were
prepared for each gene and run in technical triplicates.

Luminometry

INS-1E cells expressing the Per2-luc bioluminescent circadian reporter were generated using
lentivirus (Liu et al., 2007). Cells were cultured under blasticidin selection to maintain stable
expression of Per2-luc. Per2-luc-expressing cells were grown in 24-well plates at a density
of 2 x 10° cells/well. Using a media change, 1 mM luciferin (Biosynth International, Itasca,
IL) was added to the cultures and rhythms were measured in a luminometer (Actimetrics,
Wilmette, IL) over 4-7 days (McCarthy et al., 2013). The media change was sufficient to
synchronize the beta cell cellular rhythms. When indicated, drugs were added to the
recording media at the time of the media change and remained present throughout the full
duration of the recordings. Samples were batch processed and included each relevant
treatment on the same plate, thereby controlling for run to run variability across
experiments.

Insulin secretion analyses

The nLuc-insulin reporter was generated as reported previously (Burns et al., 2015).
Luciferase was inserted into mouse insulin C-peptide encoded from /ns2, resulting in a
bioluminescent signal upon enzymatic processing of the insulin pro-peptide. INS-1E cells
were transduced with a lentiviral nLuc-insulin reporter to generate nLuc-insulin-expressing
cells plated into a 24-well format. Insulin release was estimated as reported previously
(Farino et al., 2016) with modifications for longer-term studies, including the use of Enduren
(Promega, Madison, WI), a coelenterazine substrate optimized for long term studies.
Luciferase activity was measured for 3 days in a manner similar to that described for Per2-
luc.

2.6. Rhythm determinations and analysis

Rhythm determinations of candidate gene gRT-PCR data were analyzed using a Fourier-
curve cosinor analyses. A forward linear harmonic regression model was tested against a
fitted horizontal line corresponding to the mean expression level (Circwave, version 1.4,
https://www.euclock.org). Significant rhythms were determined to be present when the
corresponding F-value generated for each PCR data set resulted in a <0.05. For
bioluminescence assays, photoemissions from Per2-luc were recorded every 10 min and
logged automatically. To isolate the rhythmic component of the data, the 12 h moving
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average of the total counts were subtracted yielding a detrended measure of the rhythm.
These baseline-subtracted data were then fit to a damped sine wave using the least squares
method. Per2-luc rhythm parameters (period i.e. the time between cycles of a best fit sine
wave, and amplitude i.e. the difference in signal intensity between minimum/maximum
points of a best fit, damped sine wave) were calculated using the Per2-luc signal analyzed
over a 4-day window using commercial software (LumiCycle analysis, Actimetrics,
Wilmette, IL). For nLuc-insulin, circadian oscillations were confirmed as for Per2-luc and
by fast Fourier transform (FFT) using LumiCycle analysis. Detrended values were obtained
by subtracting a 12 h moving average from the total expression level. Detrended values were
then averaged across replicates for each data point. Amplitude of the insulin oscillation was
then calculated as the normalized mean difference between the minimum 4 hr and maximum
4 hr of baseline subtracted reporter activity over a single cycle.

2.7. Animal studies

All procedures are approved by UCSD IACUC committee. 20-22-week-old female
C57BL/6 mice were divided into 2 groups and acclimated for 3 weeks to a 12 h light/dark
cycle (ZTO at 8AM, ZT12 at 8 P M = “Light group”) or reverse dark/light cycle (ZTO at 8 P
M, ZT12 at 8AM = “Dark group”).

Three days before the start of the study, mice were singly housed and switched from normal
chow to high fat diet (45 % calories from fat, Research Diets, D09092903, New Brunswick,
NJ) and fed ad /ibitum. During this 3-day period, mice were also habituated to daily
injections of saline (s.c.). Upon study start, mice were injected subcutaneously (s.c.) with
sulpiride (20 mg/kg) or vehicle daily for 12 days at either ZTO or ZT12. The sulpiride dose
was chosen based on previous literature showing that it induces weight gain and hyperphagia
in rodent models (Baptista et al., 2002, 1987). Body weight and food intake was measured
daily for the first seven days and again on days 10-12. Glucose tolerance was assessed in
mice on day 13 after a 12 h fast and one hour after sulpiride (20 mg/kg, s.c) injection (i.e.
ZT1 or ZT13). One hour prior to the start of glucose tolerance test mice were injected with
sulpiride and baseline blood was sampled from the tail. Mice were then injected with 1
mg/kg dextrose (i.p.) and blood was sampled from the tail vein and blood glucose measured
at time points indicated. Insulin was measured by ELISA (Alpco, Salem, NH) from blood
collected at baseline and after 15 min.

2.8. Statistical analysis

All statistical analyses (GraphPad Prism Software version 5.03 San Diego, CA) defined
significance as a < 0.05. Two group analyses were performed via a two-tailed £test.
Analyses of three or more conditions were performed using one-way ANOVA or two-way
ANOVA:s as indicated. ANOVA analyses were followed by post-hoc #tests to compare
between-group differences. Error bars indicate standard error of the mean (SEM).
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3. Results

3.1.

3.2.

Beta cell dopamine system components are rhythmically expressed

Since dopamine modulates GSIS (Farino et al., 2019, 2016), and insulin secretion is
rhythmic, we examined the temporal expression patterns of genes with known functions in
dopamine metabolism in INS-1E cells. As phase markers, we first measured expression of
three core clock genes. As expected, Bmall, Cryland Per2each revealed distinct temporal
expression patterns (Fig. 1A—C) and were determined to be rhythmic as indicated by cosinor
analyses (Bmal1r? = 0.51, p < 0.005; Cry1r?=0.72, p<0.01, Per2r? = 0.58, p < 0.05).
These expression patterns indicate INS-1E cells rhythmically express at least some core
clock genes (Fig. 1A-C).

We then examined expression of key genes in the dopamine system. Both non-rhythmic
(Fig. 1D-F) and rhythmic (Fig. 1G-I) component genes were identified. Expression of 7/
which encodes tyrosine hydroxylase (TH), was confirmed in INS-1E cells, but was not
rhythmic. In contrast, DDC (encoded by Ddc) was rhythmically expressed (r2 = 0.69, p
<0.02). INS-1E cells also express the enzymes responsible for dopamine catabolism,
catechol-O-methyltransferase and monoamine oxidase B (Farino et al., 2019), encoded by
Comtand Maob, respectively. Maob expression was strongly rhythmic (r2 = 0.77, p< 0.005),
while Comtexpression was not. Interestingly, Ddc and Maob genes were expressed in phase
with each other (r = 0.96, p<0.01). Both Ddcand Maob showed a weaker nominal
correlation with Bmall (r = 0.72 for Ddcand r = 0.57 for Maob), indicating a possible phase
relationship among these genes. These findings suggest that expression of key elements of
the beta cell dopamine system are temporally coordinated, both with each other and with the
circadian clock.

Previous work showed that INS-1E cells express D2R (encoded by Drd2) (Farino et al.,
2019; Rubi et al., 2005; Simpson et al., 2012). We confirmed Drd2 expression, but found it
was not rhythmically expressed. Beta cells also express other catecholamine receptors
including the a,¢ adrenergic receptor (encoded by AdraZc) (Amisten et al., 2013). AdraZc
expression was found to be rhythmic (r2 = 0.68, p< 0.05) with a temporal expression profile
similar to Per2 (r = 0.79) indicating a possible phase relationship between genes.

Beta cells exhibit circadian rhythms

To study rhythms at higher resolution and over a longer time course, we used Per2-luc to
examine INS-1E cell rhythms. While there was run to run variability across experiments, we
found rhythms that persisted for 3—4 days, with the expected circadian period, ranging from
23.0 to 28.2 h (mean £SEM: 25.9 +0.2 h). There was no period difference in cells that
transiently expressed Per2-luc compared to a clonal cell line that stably expressed Per2-luc
(o> 0.05). Therefore, to standardize experiments, we used the stably-expressing Per2-luc
cell line for subsequent experiments.

3.3. D2R agonists modulate rhythm amplitude

We next examined whether D2R antagonists or agonists affect beta cell rhythms. Since
exogenous uptake of L-DOPA is a major mechanism for dopamine biosynthesis and release
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in INS-1E cells (Farino et al., 2019), we tested whether L-DOPA affected rhythms. L-DOPA
treatment significantly reduced amplitude in a concentration-dependent manner across a
range of concentrations (5-100 uM), but had no significant effect on period (Fig. 2A,B). Co-
administration of L-DOPA with sulpiride, a D2R antagonist, reversed the decrease in
amplitude produced by L-DOPA treatment, and restored amplitude to the levels of the
vehicle treated cells (Fig. 2C,D, S2). These results indicated that D2R modulates effects of
L-DOPA on amplitude. Sulpiride alone had a nominal amplitude decreasing effect that was
not statistically significant (Fig. 2A). There was no significant effect of sulpiride on period
(Fig. 2B). We next investigated whether the D2R stimulation has effects on rhythms using
the D2R agonist bromocriptine. Consistent with our L-DOPA findings, bromocriptine
potently diminished rhythm amplitude in a concentration-dependent manner, reducing
amplitude by 50-90 % (Fig. 3A). At the highest concentration (10 uM), bromocriptine also
induced a phase advance of 4.8 h and lengthened period (Fig. 3B). In contrast to L-DOPA,
co-administration of sulpiride with bromocriptine had no effect on bromocriptine-induced
changes in rhythms (Fig. 3C,D, S3). The effects of bromocriptine were not explained by
cytotoxicity. Treatment with 10 uM bromocriptine for 3 days had no adverse effect on
viability over 48 h, and caused only a modest 20 % decrease in cell count at 72 h, too small a
decrease to account for the large and immediate effect of bromocriptine observed on
amplitude (Figure S1).

3.4. D2R modulates temporal patterns of insulin release

Rhythmic insulin release is an important output of the circadian clock /7 vivo (Perelis et al.,
2015). Using nLuc-insulin, a bioluminescent reporter of insulin secretion (Burns et al.,
2015), we measured temporal patterns of insulin release over several days to determine if
cellular insulin rhythms could be measured in INS-1E cells. The nLuc-insulin reporter
showed a pattern of early oscillation, followed by a gradual, linear damping over the
subsequent three days (Fig. 4A). While only observed over a single cycle, FFT analysis
indicated the presence of a transient rhythmic component, showing an oscillation with peak
spectral power in the circadian range that accounted for the majority of the variance (mean =
SEM: 25.9 + 0.02 h, mean r2 = 0.81, Fig. 4B). D2R blockade by sulpiride produced
complex, concentration-dependent effects on insulin secretion (Fig. 4C). Over the first 36 h,
sulpiride reduced total insulin release compared to vehicle-treated cells at both
concentrations (2 uM and 10 uM), but did not significantly alter the circadian component
(Fig. 4C-E). However, after 36 h, we observed increased insulin release (Fig. 4C). This
pattern indicates that sulpiride altered the temporal pattern of release with a significant drug
x time interaction. In contrast, D2R agonism by bromocriptine strongly reduced total insulin
release in a concentration-dependent fashion that was apparent immediately and persisted
for 3 days (Fig. 4F), and significantly reduced the amplitude of the circadian component
(Fig. 4G,H).

3.5. Time-dependent metabolic effects of sulpiride in vivo

Based on our beta cell results showing APD effects on long-term insulin secretion, we
reasoned that APD effects on metabolism /n vivo may differ according to the time of
administration. Patients treated with APDs gain weight due in part to increasing the
proportion of dietary fat (McCreadie et al., 1998; Teasdale et al., 2018). To model this
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observation, mice were fed a high fat diet at the start of treatment with sulpiride, similar to
previous mouse studies of APD induced weight gain (Lord et al., 2017; Morgan et al., 2014;
Perez-Gomez et al., 2018). Consistent with earlier work showing that sulpiride treatment
induces hyperphagia and weight gain (Baptista et al., 2002, 1987), sulpiride-treated mice
gained significantly more weight than controls (Fig. 5A,B). Interestingly, starting at day 10
mice receiving sulpiride at ZT12 (sulpiride/dark) gained significantly more weight than mice
treated at ZTO (sulpiride/light) [Fig. 5A,B Mean £SEM cumulative weight gain (g) for
vehicle: 2.76 £0.17 (light)/2.73 £0.13 (dark) vs. sulpiride: 2.94 £0.14 (light)/3.25 £0.16
(dark)]. Though increased daily feeding behavior accounted for some of the weight gain, it
was increased similarly in both sulpiride-treated groups compared to the controls (Fig.
5C,D), suggesting that increased feeding was not the main reason for the differential effect
of time.

Since hyperinsulinemia is a hallmark of APD-induced metabolic disturbances and has been
implicated as a critical driver for the weight gain produced by these medications (Ballon et
al., 2014; Ebdrup et al., 2014), we investigated whether the timing of sulpiride
administration impacts changes in blood glucose and insulin levels in response to drug.
Indeed, consistent with our weight gain data, the sulpiride/dark group also had elevated 12 h
fasting blood glucose levels compared to the sulpiride/light group (Fig. 5E). Moreover,
blood insulin levels were significantly higher in the sulpiride/dark group compared the
sulpiride/light group, both at baseline after fasting and 10 min after a dextrose challenge
(Fig. 5F). However, both groups responded similarly to a glucose challenge (Fig. 5G). These
data suggest that the time-dependent effects of sulpiride are driven by actions on beta cells to
elevate blood insulin, disturb the glucose homeostasis and promote weight gain.

4. Discussion

D2R antagonism is essential for the therapeutic activity of APDs and may also play a critical
role in APD-induced metabolic disturbances (Farino et al., 2019; Freyberg and McCarthy,
2017). Conversely, D2R agonists like bromocriptine, cabergoline and amantadine improve
metabolic function (Bahar et al., 2016; Gaziano et al., 2012; Graham et al., 2005;
Shivaprasad and Kalra, 2011). Therefore, developing an improved understanding of how
dopamine affects metabolism may be critical to mitigating the adverse metabolic effects of
APDs. Circadian regulation of dopamine may be one critical dimension that warrants special
attention.

Our previous work demonstrated the role of dopamine in regulating GSIS in beta cells, and
that beta cell-selective D2R knockout impairs regulation of insulin secretion /n vivo leading
to hyperinsulinemia (Farino et al., 2019). We now extend this work, demonstrating
circadian-dopamine interactions in beta cells, and showing the influence of D2R acting
drugs on beta cell rhythms and the long-term dynamics of insulin release. Our work shows
that timing may play an important role in determining the metabolic side effects caused by
APD administration /n vivo, suggesting that some of these adverse effects may be
modifiable by coordinating APD actions with insulin rhythms.

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 March 01.
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We found several examples of circadian modulation of the dopamine system in beta cells.
However, not all studies of beta cells have identified rhythmic expression of all of these
genes (Lawlor et al., 2017; Perelis et al., 2015; Petrenko et al., 2017). The INS-1E beta cell
may therefore differ from primary beta cells in important ways, and additional differences
across species may affect the role of dopamine across different models. Nonetheless, our
data reveal some notable differences between the dopamine system in beta cells and the
brain. Unlike midbrain dopamine neurons where 7/ expression is rate-limiting and rhythmic
(Chung et al., 2014; Sidor et al., 2015), 7/in INS-1E cells was only weakly expressed and
non-rhythmic. In contrast, Ddc was abundant and rhythmically expressed in phase with
Bmall. This is consistent with our recent work showing negligible intracellular dopamine
stores in beta cells in the absence of L-DOPA, but rapidly increasing dopamine synthesis and
release following glucose-stimulated L-DOPA uptake (Farino et al., 2019). These data
suggest that in beta cells DDC may play a larger role than TH in regulating dopamine
synthesis, perhaps explaining its tighter regulation and closer coordination with the circadian
clock. Feeding is rhythmic and greatly affects the exposure of beta cells to dietary dopamine
precursors such as L-DOPA (Farino et al., 2019; Korner et al., 2019; Maffei et al., 2015).
Therefore, in beta cells regulation of DDC may require coordination with feeding in a way
that is absent in neurons, perhaps leading to distinct circadian regulation of L-DOPA across
these cell types. MAO-B expression was also strongly rhythmic. Along with COMT, MAO-
B is part of the catabolic system involved in the termination of dopamine signaling, both in
the brain and beta cells (Farino et al., 2019). Our data suggest that there is circadian control
over dopamine catabolism by regulation of Maob expression, but not over Comt. Notably,
D2R does not appear to be rhythmically expressed, unlike in the brain where Dra2is
expressed with a diurnal rhythm in the striatum (Ozburn et al., 2015). Altogether, our data
imply that, through rhythmic oscillations in Ddcand Maob expression, dopamine’s control
over GSIS may vary over time, stemming both from oscillations in the conversion of L-
DOPA to dopamine and in the ability of MAO-B to terminate dopamine signals, whereas
D2R expression is relatively constant. How rhythms in Ddc and Maob expression relate to
enzyme activity, dopamine signaling and the coordination of rhythmic feeding behaviors and
insulin secretion /n vivois presently unknown, and remains to be studied in future
investigations. If the importance of dopamine rhythms for metabolism is confirmed /in vivo,
then dietary or drug-mediated manipulations of the dopamine system may have distinct
effects on beta cells depending on the time of day and affect the corresponding sensitivity of
the system to perturbations (Figure S4A).

We found evidence for reciprocal actions of dopamine on the beta cell circadian clock, both
on the core circadian oscillator and on rhythmic insulin release. By stimulating the synthesis
and release of endogenous dopamine, L-DOPA reduced circadian amplitude. Sulpiride
attenuated the actions of L-DOPA, identifying a link between dopamine and beta cell
circadian rhythms mediated through the D2R. While sulpiride alone had only modest effects
on Per2-luc in vitro, our L-DOPA findings suggest that D2R antagonists may have important
effects on beta cell rhythms /n vivo by disrupting and/or blocking endogenous dopamine
signaling to the core circadian oscillator and its negative feedback roles on GSIS (Figure
S4B). Sulpiride also affected the long-term temporal profile of insulin release. Sulpiride
decreased insulin release early before increasing the amount of insulin release over the
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longer-term. We were unable to detect an effect of sulpiride on the rhythmic aspect of insulin
secretion, but our nLuc-insulin assay was able to detect a circadian-like secretion pattern for
only a single cycle, and had limited resolution in this regard. The long-term enhancement of
insulin release by sulpiride is consistent with earlier data showing that D2R blockade by
APDs or genetic D2R knockout resulted in elevated insulin levels (Farino et al., 2019), and
that the APD clozapine increased insulin secretion over the circadian cycle in humans (Sun
et al., 2016). This suggests a model whereby APDs cause prolonged hyperinsulinemia which
desensitizes tissues and contributes to insulin resistance. The mechanism by which APDs
increase long-term insulin secretion is unknown. Our data suggest it could be related to
disinhibition from the effects of endogenous dopamine which tends to flatten circadian
oscillations of insulin, but could also involve compensatory changes in D2R expression or
sensitivity that are known to occur in the CNS after long-term exposure to sulpiride
(Stefanini et al., 1991).

The D2R agonist bromocriptine also had effects on circadian rhythms. Like L-DOPA,
bromocriptine reduced the amplitude of Per2-luc expression. Interestingly, while L-DOPA’s
circadian effects could be reversed by sulpiride, the effects of bromocriptine on rhythms
were not reversed by D2R antagonism. This latter finding suggests that bromocriptine’s
effects may be mediated by non-D2R receptors. Alpha2 adrenergic receptors are a possible
candidate, as they have been proposed as an additional target of bromocriptine (de Leeuw
van Weenen et al., 2010), and are abundantly expressed in beta cells (Amisten et al., 2013).
Alternatively, bromocriptine affinity for D2R may be too high to allow for sulpiride to
effectively compete for binding at the receptor. With respect to insulin, bromocriptine
reduced circadian rhythm amplitude and altered the temporal profile of its release, reducing
the amount of total insulin release in a concentration-dependent manner. Considered
together, both D2R agonists and antagonists alter the temporal patters of insulin release in
generally opposite ways, but with complex profiles.

We propose that the AMP (cAMP) network which includes adenylyl cyclase (AC), and
protein kinase A (PKA) is a plausible candidate pathway linking the dopamine, D2R and the
circadian systems. The cCAMP pathway lies at the intersection of the dopamine and circadian
pathways and modulates circadian rhythms as demonstrated by AC activators such as
forskolin that synchronize cellular rhythms through phosphorylation of CREB and
upregulation of Per? (Motzkus et al., 2000). Previous studies have shown that AC/PKA/
calcium-mediated insulin secretion is attenuated in arrhythmic mutant mice lacking BMAL1
(Perelis et al., 2015), implying close coordination of the clock with the cAMP system in beta
cells, and underscoring the potential importance of this overlap. However, the role of
dopamine was not investigated by this study, and other pathways may contribute to the
dopamine-mediated effects on beta cell rhythms. Further study is required to identify the
exact molecular coupling mechanisms.

Since physiological insulin release and glucose sensitivity both follow circadian rhythms
(Perelis et al., 2015; Polonsky et al., 1988; Schulz et al., 1983), APD-induced alterations in
circadian rhythms may impact physiology in beta cells and systemically. In particular, by
changing rhythms in beta cells, APDs may alter the amount of insulin to which target tissues
are exposed across cycles of feeding and fasting. Our data indicate this difference in insulin
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signaling could be either quantitative (i.e., total exposure), qualitative (i.e., time of exposure)
or both. Our experimental data in mice indicate that APD at ZT12 (the onset of peak insulin
secretion in mice) causes greater weight gain and hyperinsulinemia compared to APD at
ZT0, onset of the light phase. However, we did not have a vehicle-treated control for the
GTT study and insulin measurements. Previous studies of insulin levels in mice indicate ~50
% increases during the dark vs. light phase consistent with diurnal oscillation (Basse et al.,
2018; Marcheva et al., 2010; Qian et al., 2015). In the same studies, diurnal changes in
glucose were typically smaller, varying from 0 to 10%. In our experiment we found fold
changes in insulin of 2-6x and 40 % increases in fasting glucose in the sulpiride/dark vs.
sulpiride/light treated mice, indicating the differential effect of APD timing was not
explained by diurnal oscillations in insulin and glucose and likely reflects effects from the
drug and schedule. We hypothesized previously that APDs dosed at night in humans may be
more detrimental than during the day, primarily because they may increase fasting insulin
levels during the trough phase (Chipchura et al., 2018; Freyberg and McCarthy, 2017).
However, because the insulin rhythm in nocturnal mice and diurnal humans is oppositely
phased, our mouse data do not necessarily lend unambiguous support to our original model.
Greater weight gain in the mice dosed in darkness suggests that further increasing peak
insulin levels during the active period underlies the time-dependent differential weight gain
effects of sulpiride, i.e. not increased insulin during the inactive, insulin trough phase.
However, APD effects on several important physiological variables were not examined,
including motor activity and other important rhythmic processes including hepatic
gluconeogenesis (Kapse et al., 2017), or brain processes underlying sedation, anxiety,
appetite regulation and feeding (Perez-Gomez et al., 2018). Moreover, there may be other
differences in nocturnal and diurnal species that limit the generalizability of our mouse data
to human subjects receiving APDs. For instance, exogenous melatonin mitigates the
metabolic effects of APDs in humans (Agahi et al., 2018) and cardiovascular effects of
olanzapine in rats (Romo-Nava et al., 2017). In humans, endogenous melatonin is
rhythmically produced and secreted overnight. In contrast, most laboratory mice (including
C57BL/6J) do not make melatonin (Roseboom et al., 1998). These important species
differences remain to be examined in future studies of APD-induced weight gain.

Our findings may have important implications for how APDs are used clinically and suggest
that careful timing of APD dosing may be helpful under some conditions, most obviously
with short half-life drugs with time-limited pharmacological actions. However, many
commonly used APD have long half-lives (> 24 h) and the role of timing is less immediately
obvious. Importantly, even with these long half-life drugs, the onset of peak drug levels is
relatively rapid and time-limited (Turrone et al., 2003). Moreover, many APD target
receptors (Ozburn et al., 2015) or enzymatic elimination pathways (Matsunaga et al., 2012;
Takiguchi et al., 2007) show diurnal expression patterns. Therefore, drug levels and tissue
sensitivity are dynamic across the day, even under mean steady state conditions, indicating
APD timing may be an important consideration under some circumstances, even with
longer-acting APDs. In a retrospective study of aripiprazole (a long half-life drug), we found
that chronic patients who took the APD at night for 1 year had worse lipid profiles compared
to those who took the APD in the morning (Chipchura et al., 2018). This suggests that the
possibility that easily implementable strategies such as adjusting dosing schedules to
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optimize circadian alignment may mitigate metabolic risk of APDs. Other recent work has
shown time-restricted feeding (TRF) can mitigate the effects of high-fat diet in mice (Hatori
et al., 2012) and glucose sensitivity in humans with T2D (Hutchison et al., 2019). TRF could
therefore also conceivably be incorporated into an optimized APD dosing schedule.
However, APDs vary considerably in terms of metabolic impact, pharmacological
mechanisms, and pharmacokinetic profiles, and time considerations may not be uniform
across drugs. Further research is required to determine which APDs are amenable to time-
based dosing strategies to mitigate metabolic impact, and which schedules are optimal for
each drug. If confirmed, the timing of dopamine-based pharmacological interventions may
be a critical determinant of their effects and ultimately lead to therapies with greater efficacy
and/or better metabolic profiles.
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Fig. 1.

Kgy elements of the dopamine system are rhythmically expressed in INS-1E cells.
Expression of the core circadian clock genes A) Bmall B) Cry1and C) Per2is rhythmic in
INS-1E cells (top row). Expression of the dopamine system-related genes D) 7hHE) Drd2
and F) Comtis readily detectable, but not rhythmic (middle row); whereas expression of the
monoamine pathway genes G) Ddc, H) Maob and 1) AdraZcis rhythmic (lower row).
Rhythmicity was determined by cosinor analysis and plotted using the resulting, best fitting
function (top and middle rows). Non-rhythmic genes (lower row) were plotted using the best
fit second order polynomial. Data represent replicates of INS-1E cells collected at 6 h
intervals (n = 6-9/time point). Data for each transcript are normalized to the mean
expression level of each geneover the course of 24 h. Error bars indicate standard error of
the mean (SEM).
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Fig. 2.
Effects of L-DOPA on beta cell Per2 rhythms.

1 2 3 4
Time (days)

A) L-DOPA reduces the amplitude of

circadian rhythms in a concentration-dependent manner in INS-1E cells. Amplitude has
been normalized to vehicle treated control. * indicates p < 0.05 by one-way ANOVA

compared to vehicle control (n=15 vehicle, for

L-DOPA n=6/9/6/3 for 5,10,25 and 100 uM

respectively). B) L-DOPA had no significant effect on period (p>0.05). C) The effect of L-
DOPA (25 uM) on rhythm amplitude is reversed by the D2R antagonist sulpiride (10 pM),
indicating that stimulation of endogenous dopamine by L-DOPA contributed to amplitude
modulation. D) Representative traces are shown of INS-1E cell rhythms at baseline, and
after treatment with L-DOPA, sulpiride or both drugs together.
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Fig. 3.

Effects of bromocriptine on beta cell circadian Per2 rhythms. A) Bromocriptine reduces the
amplitude of circadian rhythms in a concentration dependen-tmanner in INS-1E cells.
Amplitude has been normalized to vehicle-treated control. * indicates p < 0.05 by one-way
ANOVA compared to vehicle control (n=3-7 per group). B) Bromocriptine also significantly
lengthened the period at the highest concentration (10 pM). * indicates p < 0.05 by one-way
ANOVA compared to vehicle control (n=3-7 per group). C) The effect of Bromocriptine
(10uM) is not reversed by the D2R antagonist, sulpiride (10uM). N = 4 per group. D)
Representative traces are shown of INS-1E cell rhythms at baseline, after treatment with
bromocriptine, and bromocriptine + sulpiride.
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Fig. 4.

Longitudinal analyses of D2R modulation of insulin release. A) Using the nLuc-Insulin
bioluminescent reporter, insulin release in INS-1E cells followed an oscillatory pattern
consistent with a circadian rhythm the first 1.5 days (gray box). Afterwards, the rhythm
damped and signal declined linearly. B) After baseline subtraction, the early circadian
component of the release pattern was isolated. Blue lines indicate raw counts while the black
line indicates the best fitting curve as determined by rhythm analysis. C) D2R blockade by
sulpiride had concentration dependent effects on insulin release, altering both the quantity
and temporal characteristics of release. Sulpiride (2 and 10 uM) decreased overall insulin
release for the first 1.5 days, followed by increased release thereafter. 2-way ANOVA
indicated that there was no mean difference insulin release in sulpiride treated beta cells, but
there was a significant effect of time (p <0.0001), and a significant time x drug interaction (p
< 0.0001) indicating the pattern of insulin release was altered by sulpiride. D) Analysis of
detrended data over a 24 h period indicate that sulpiride alone has no effects on circadian
amplitude (n = 3-6 per group). E) Representative traces of baseline detrended data used for
circadian analyses of sulpiride. Y-axis has been re-scaled to correspond to the 24 h time
between day 0.5-1.5 on Panel A. F-G) Bromocriptine had concentration-dependent effects
on insulin release, altering both the quantity and temporal characteristics of release.
Bromocriptine decreased F) overall insulin release and G) circadian amplitude in a
concentration-dependent manner. * indicates p <0.05 one-way ANOVA, (n=3-6 per group).
H) Representative traces of baseline detrended data used for circadian analyses of
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bromocriptine. Y-axis has been re-scaled, corresponding to the 24 h between day 0.5-1.5 on
Panel A.
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Fig. 5.

Ti?ne dependent effects of sulpiride on weight gain and insulin metabolism. A) Female mice
fed with 45 % high fat diet all gained weight over 12 days (significant effect of time 2-way
ANOVA p < 0.0001). There was also a statistically significant effect of drug indicating that
the sulpiride treated animals gained significantly more weight than controls (2-way ANOVA
p < 0.0001). However, post-hoc T-tests indicated that the sulpiride/dark animals were
significantly heavier than the vehicle treated controls (p < 0.05), whereas the sulpiride/light
while nominally heavier, did not differ significantly from controld (2-way ANOVA with
Bonferroni post-test). B) Cumulative weight gain on day 7. A significant difference between
sulpiride/dark vs controls is indicated by * symbol. C) Average daily food intake over the
12-day experiment is shown. Significant group differences from sulpiride vs control
treatments are indicated by * symbol (p <0.05 using 2-way ANOVA with Bonferroni post-
hoc test, n = 5-8 per group). D) Cumulative food intake over the first seven days increased
significantly in both sulpiride-treated groups compared to controls (One-way ANOVA p
<0.01). There was no significant difference in food intake between sulpiride/light and
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sulpiride/dark groups. E) Blood glucose after 12 h fast was higher in sulpiride/dark vs
sulpiride/light groups after 12 days on high fat diet (mean glucose: 153.0 + 17.3 mg/dI
sulpiride/light vs. 220.9 £11.0 mg/dl sulpiride/dark, Student’s #test p< 0.005). F) Compared
to sulpiride/light (n = 6), blood insulin was higher in the sulpiride/dark group (n = 7), both
after 12 h fast and 15 min after dextrose infusion (2-way ANOVA of dosing schedule x time
indicated an effect of dose schedule p< 0.05. G) Following dextrose infusion, there was no
significant difference in blood glucose over a 90 min period in sulpiride/dark vs. sulpiride/
light animals.
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