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Background: Substance use disorders (SUDs) are associated with disruptions in circadian
rhythms. Both human and animal work has shown the integral role for circadian clocks in

the modulation of reward behaviors. Interestingly, astrocytes have emerged as key regulators

of circadian rhythmicity. However, no studies to date have identified the role of circadian
astrocyte function in the nucleus accumbens (NAc), a hub for reward regulation, or determined the
importance of these rhythms for reward-related behavior.

Methods: Using astrocyte-specific RNA-sequencing across time-of-day, we first characterized
diurnal variation of the NAc astrocyte transcriptome. We then investigated the functional
significance of this circadian regulation through viral-mediated disruption of molecular clock
function in NAc astrocytes, followed by assessment of reward-related behaviors, metabolic-related
molecular assays, and whole-cell electrophysiology in the NAc.

Results: Strikingly, ~43% of the astrocyte transcriptome has a diurnal rhythm and key metabolic
pathways were enriched among the top rhythmic genes. Moreover, mice with a viral-mediated
loss of molecular clock function in NAc astrocytes show a significant increase in locomotor
response to novelty, exploratory drive, operant food self-administration and motivation. At

the molecular level, these animals also show disrupted metabolic gene expression, along with
significant downregulation of both lactate and glutathione levels in the NAc. Importantly, loss of
NACc astrocyte clock function also significantly altered glutamatergic signaling onto neighboring
medium spiny neurons, alongside upregulated glutamate-related gene expression.

Conclusions: Taken together, these findings demonstrate a novel role for astrocyte circadian
molecular clock function in the regulation of the NAc and reward-related behaviors.

Keywords
Astrocytes; Nucleus Accumbens; Circadian Rhythms; Reward; BMALL; Metabolic State

Introduction

Substance use disorder (SUD) remains a devastating public health issue in the United

States (1, 2) that lacks effective therapeutics (3). A potential treatment target may involve
circadian rhythms. While it has long been known that individuals with SUDs have disrupted
circadian and sleep/wake rhythms (4, 5), there is a growing body of evidence suggesting

a bidirectional relationship between circadian rhythm disruption and substance abuse. Both
human and animal studies indicate disruptions to circadian rhythms and sleep/wake may
increase SUD vulnerability (6). Specifically, changes at the molecular level of the circadian
system may play an essential role in the establishment and/or reinforcement of drug
addiction. In turn, exposure to drugs of abuse further disrupts molecular clock function,
resulting in a self-perpetuating cycle.

In mammals, circadian rhythms are controlled by a series of transcription-translation
feedback loops (TTFLs) that cycle every 24h (7). This ‘molecular clock’ consists of the

core circadian transcription factors CLOCK or NPAS2, which form a complex with BMAL1
and drive the expression of the proteins Period (PER) and Cryptochrome (CRY). PER

and CRY heterodimerize in the cytosol, translocate into the nucleus, and interact with
CLOCK/NPAS2:BMAL1 to inhibit their own transcription. This molecular clock is present
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in nearly every cell throughout the body and is organized into a synchronous, hierarchical
system by a “central clock” in the suprachiasmatic nucleus (SCN) that works to temporally
control nearly all physiology and behavior (8, 9). Notably, disrupted rhythmicity through
mutations in the circadian molecular clock genes has been associated with altered reward
regulation. In humans, variants in BMAL 1, PER, and CLOCK are associated with increased
drug use and reward dependence (10-17). In mice, mutations in the Per, Clock, or Npas2
genes can significantly alter exploratory drive, cocaine locomotor sensitization, cocaine
preference and self-administration/motivation, and alcohol self-administration (18-28). In
addition to regulating reward, disruptions to circadian rhythms have also been associated
with many other psychiatric disorders often comorbid with substance use (e.g., anxiety,
depression, bipolar, etc.) (29-32). While together these studies highlight the role a functional
molecular clock plays in regulating reward-related behaviors, most research to date has
primarily focused on molecular clock function in neurons specifically, or in whole reward
regions, like the nucleus accumbens (NAc) (33, 34). Interestingly, a growing body of work
suggests astrocytes play a critical role in both the regulation of circadian rhythms and reward
processing (35, 36).

Astrocytes are a highly abundant glial cell type essential for many modulatory and

support functions across the central nervous system (37), including regulation of glutamate
levels and neurometabolic homeostasis (38—41). Like neurons, astrocytes also contain a
circadian molecular clock (42-44), and core astrocyte functions are regulated by clock
genes (45-47). Interestingly, several recent studies have demonstrated astrocyte rhythmicity
is also important for regulating circadian rhythmicity. SCN astrocytes show anti-phasic
rhythmicity relative to SCN neurons, whereby they suppress neuronal activity during the
night via regulation of extracellular glutamate (48). This anti-phasic relationship is important
regulating SCN circadian timekeeping at both the molecular and behavioral levels (48—

50). In addition to regulating circadian rhythms (48), extensive work has shown astrocytic
regulation of glutamate in the NAc to be important for reward-regulation and drug addiction
vulnerability (51, 35, 52, 53, 34). However, while we know astrocytes regulate circadian
rhythms and reward through their roles in the SCN and NAc, respectively, no studies to
date have investigated NAc astrocyte rhythmicity in the NAc and/or its potential role in
regulating NAc function in the context of reward.

Methods and Materials

Animals

See the Supplemental Information for detailed methods and materials.

Aldh1l1-eGFP/Rpl10a mice were used for characterizing astrocyte rhythmicity (54-56),
while Bmal1 “floxed” (BMFL; Bmal1'°%) mice were used for loss of rhythmicity
experiments (57) (The Jackson Laboratory; Bar Harbor, ME). Both sexes were used
throughout. All mice were maintained on a 12:12 light-dark cycle (lights on: 0700 zeitgeber
time (ZT) 0; lights off: 1900, ZT12) and provided ad /ibitum food and water access unless
otherwise indicated.
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Immunoprecipitation (IP) and RNA extraction from NAc Astrocytes

NAc tissue was collected from Aldh1l1-eGFP/Rpl10a mice across 6 times of day
(Z272,6,10,14,18,&22; 10Male/8Female/ZT). Immunoprecipitation of polyribosomes was
processed using a modified protocol described previously (58, 59). Final eluted NAc
astrocyte-specific RNA was used for RNA-sequencing.

RNA sequencing and Analyses

Following quality/integrity assessment and library preparation, Total RNA sequencing was
performed using the Illumina NextSeq 500 platform (lllumina; San Diego, CA). After pre-
processing and filtering of sequencing data, 12,739 genes remained for further analysis. The
JTK_CYCLE R package was used to detect circadian rhythmicity of NAc astrocyte-specific
genes (60, 61). Ingenuity Pathway Analysis (IPA) (QIAGEN; Hilden, Germany) (62) and
Metascape (https://metascape.org/) (63) were used to identify enriched molecular pathways/
processes in both the top enriched and top rhythmic gene lists.

RNAscope @ in situ hybridization (ISH)

For qualitative validation of Aldh1l1-eGFP/Rpl10a mice, the RNAscope ISH Fluorescent
Multiplex Assay (ACD; Newark, CA) was utilized.

Viral-Placement Surgery and Verification

BMFL mice (8 weeks old) were injected into the NAc with AAV8-GFAP-Cre-GFP or
AAV8-GFAP-eGFP viral vectors (UNC Viral Vector Core; Chapel Hill, NC) as previously
published (25). Mice were allowed =2 weeks to recover before behavioral testing or tissue
collection. Viral placement, spread, and specificity were verified using immunofluorescence

(IF).

Behavioral Testing

BMFL mice expressing NAc-specific GFAP-Cre or eGFP control were run through a panel
of behavioral tests assessing reward-related behaviors at ZT2-6 or ZT14-18.

Gene Expression and Metabolic Assays

In whole NAc tissue from BMFL mice expressing NAc-specific GFAP-Cre or eGFP control,
reverse transcriptase quantitative PCR (RT-gPCR) was used to measure astrocyte, metabolic,
and glutamate-related gene expression (ZT4-6). Primers provided in Table S1.

Both L(+)-Lactate and glutathione (GSH) levels were also measured utilizing established
and validated colorimetric and luminescent assays (64-67), at ZT5 & ZT17.

Electrophysiology Recordings

Whole-cell patch-clamp recordings were conducted at ZT4-6 and ZT16-18 using BMFL
NAc-containing sections expressing GFAP-Cre or eGFP control.
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Statistical Analyses

Results

GraphPad Prism 9 (GraphPad Software; San Diego, CA) was utilized for all statistical data
analyses. All analyses tested for sex as a variable; if a main effect of sex was detected, sexes
are displayed separately. Unless otherwise noted, all data are shown as mean + SEM with
a=0.05.

The NAc astrocyte transcriptome is highly rhythmic

Our lab and others have previously demonstrated whole NAc rhythmicity at both the cellular
and molecular levels (68, 69); however, no studies to date have investigated NAc astrocyte
rhythmicity. To do this, we utilized the Aldh1/1-eGFP/Rpl10a mouse model (70-72),
wherein astrocytes exclusively express an eGFP tag on the RpL10a ribosomal subunit that
allows for immunoprecipitation and isolation of astrocyte-specific ribo-associated mRNA
(Figure 1A). We first isolated astrocyte-specific mRNA from whole NAc tissue harvested
across 6 times of day in male and female mice following a previously published protocol
(58, 59). Isolated mMRNA was then processed for RNA-sequencing analysis, resulting in

the detection of 12,739 expressed genes. Notably, cell-type enrichment heatmapping using
established cell-type markers (54, 56, 73-75) revealed a high degree of specificity for
astrocyte enrichment (Figure 1B). Moreover, the eGFP tag is highly-colocalized with
Aldhl1/1, a pan-astrocyte marker (54, 55), and not with Vgat, a GABA transporter expressed
in NAc MSNs (Figure 1C). Ingenuity Pathway Analysis (62) and Metascape analysis (63)
revealed historically astrocyte-associated biological processes and canonical pathways to be
enriched among the top 200 expressed genes (Figure 1D), further validating this method
and underscoring their potential importance in the NAc. These processes were also highly
interconnected, as revealed by an enrichment network analysis (Supplemental Figure S1).

We next used JTK_Cycle, a non-parametric statistical algorithm, to identify transcripts
with diurnal variation in expression (60). Out of the 12,739 genes we identified,
approximately 43.3% display a significant diurnal rhythmicity (Figure 2A). Rank-rank
hypergeometric overlap (RRHO) revealed a nearly identical overlap between males and
females (Supplemental Figure S2) - thus analyses proceeded with sexes grouped together.
Interestingly, through assessing circadian acrophase (time of peak expression), we see the
majority of rhythmic genes peak between ZT14-ZT22, coinciding with the mouse’s active
phase (Figure 2B). Moreover, pathway enrichment analyses of top rhythmic transcripts
revealed circadian pathways/processes among the most enriched (Figure 2C; Supplemental
Figure S3). Also, many of the top 20 rhythmic transcripts are known core clock genes

and their expression patterns align with established expression relationships (Figure 2D).
Interestingly, alongside circadian pathways and processes, important metabolic-relevant
functions were also enriched among the top rhythmic genes (Figure 2C). Finally, in

an enrichment network analysis of the top rhythmic biological processes, the circadian
regulation and glucocorticoid receptor signaling node clusters show a high degree of
interconnectivity (Figure 2E; Supplemental Figure S3).
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Loss of BMAL1 function in NAc astrocytes increases locomotor response to novelty
during the day

To investigate the functional importance of NAc astrocyte rhythmicity for reward, Bmall
floxed mutant mice (Bmal1”f) were stereotaxically injected into the NAc with an adeno-
associated virus (AAV) expressing either Cre recombinase or eGFP control under the Gfap
astrocyte-specific promoter (Figure 3A). NAc expression of GFAP-Cre results in loss of
astrocyte molecular clock function and rhythmicity due to deletion of BMALZ1’s functional
domain (57, 49, 76), which IF revealed to be both localized and specific (Figure 3A,B).

To assess reward-related behavior, mice were first run through the locomotor response

to novelty (LRN) task (ZT4-6 and ZT16-18), a behavior established as a predictor of
drug-seeking propensity (77-79). Interestingly, GFAP-Cre mice show a significantly higher
LRN during the day, relative to GFAP-eGFP control mice (Figure 3C), measured as total
locomotor activity in the first hour of the two-hour task (Figure 3C and inset). Notably, this
increased LRN was not due to any differences in habituation or total activity (Figure 3D and
inset). Moreover, no significant differences were observed during the night (Figure 3E-G).
However, looking across phase, eGFP mice displayed a significant diurnal variation in LRN
that is disrupted in GFAP-Cre mice, driven by increased LRN during the day (Supplemental
Figure S4).

Loss of BMAL1 function in NAc astrocytes increases exploratory drive behavior during the

day

Alongside LRN, increased exploratory drive and novelty-seeking behavior are also
established predictors of vulnerability for drug-seeking and addiction-like behaviors in
rodent models (77, 80, 78, 81-83). Given this association, mice were then run through a
battery of exploratory drive / anxiety-related behavioral tasks, including open field (OF),
light-dark box test (L/D), elevated plus maze (EPM), and novelty suppressed feeding (NSF),
either during the day or at night. Strikingly, across all 4 tasks, mice with disrupted NAc
astrocyte molecular clock function exhibit significantly elevated exploratory drive during
the day, relative to controls (Figure 4A-D). Following z-normalization of the 4 behaviors,
a method previously shown to increase sensitivity, reliability, and robustness of behavioral
phenotyping (84), exploratory drive was found to be significantly greater in GFAP-Cre
mice during the day (Figure 4E; top) but not at night (bottom) — further underscoring the
phenotype. Interestingly, looking across phase, eGFP mice display a significant diurnal
variation in exploratory drive that is disrupted or attenuated in GFAP-Cre mice, driven by
effects during the day (Supplemental Figure S5). Finally, this phenotype is not attributed to
locomotor differences across tasks or motivation to eat in NSF (Supplemental Figure S6).

Loss of BMAL1 function in NAc astrocytes increases food self-administration and
motivation during the day

While LRN and exploratory drive have been established as reward-relevant behaviors,
we next investigated reward specifically. Mice were trained either during the day or at
night in an operant food self-administration task in which mice discriminate between two
levers (active versus inactive) to receive a food pellet. Mice were first trained on a fixed
ratio 1 (FR1) schedule whereby 1 active lever press is rewarded with 1 food pellet, and
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fnactive lever presses result in no pellets (Figure 5A). On the FR1 schedule, all mice
successfully acquired the task (criteria: = 25 pellets for 3 sessions) both during the day
(Figure 5B) and at night (Figure 5D). While no significant differences were detected
between virus groups across phase (Figure 5B,D), a main effect of sex was detected in

that male mice exhibit a higher response rate than females, both during the day (Figure

5B) and at night (Figure 5D); this finding is consistent with previous literature showing

sex differences in operant appetitive learning (85-87). Moreover, looking across phase,
while male mice did not show diurnal variation in responding, female eGFP and GFAP-
Cre mice both show a significant diurnal variation in food self-administration at FR1 that
was enhanced in the GFAP-Cre group (Supplemental Figure S7). Following FR1 training,
food self-administration motivation was tested through the escalation of progressively more
demanding FR schedules. Strikingly, across progressively harder schedules (FR3, FR5, and
FR10), male GFAP-Cre mice (but not females) demonstrate a robust increase in daytime
food self-administration despite the increasingly more demanding schedules (Figure 5C;
Supplemental Figure S8A), but not at the night (Figure 5E; Supplemental Figure S8B).
Finally, much like at FR1, female eGFP and GFAP-Cre mice both show a highly significant
diurnal variation in food self-administration motivation (Supplemental Figure S7), but not
males.

Loss of BMAL1 function in NAc astrocytes disrupts metabolic homeostasis

Given that astrocytes play a crucial role in regulating cellular metabolic state, we next
wanted to investigate how disrupting NAc astrocyte molecular clock function affects this
key function. Utilizing RT-gPCR in GFAP-Cre or eGFP whole NAc tissue, we first assessed
expression of key astrocyte and metabolic-state relevant genes during the day (ZT4-6;

i.e., time of behavioral phenotype) (Figure 6A). No significant difference was seen in
Aldh1/1 expression. However, GFAP-Cre mice exhibit a significant upregulation of Gfap
and Nrf2, established markers of astrocyte reactivity and oxidative stress induced anti-
oxidant response, respectively (88, 89). Moreover, GFAP-Cre mice exhibited a significant
downregulation of Gcle, Pgcla, Ldha, Mctl, and Mct2, all genes relevant for glutathione
(GSH) production, mitochondrial function, and lactate synthesis/shuttling, respectively.

We next wanted to determine the concentration of lactate and GSH in the NAc following
disruption of NAc astrocyte molecular clock function. Astrocytes synthesize and shuttle both
lactate and GSH to neurons to help support their metabolic demands and prevent oxidative
stress, respectively (90, 40, 41). To measure lactate, NAc tissue from GFAP-Cre mice was
run through an L(+)-Lactate colorimetric enzyme-linked immunosorbent assay (ELISA).
Alongside the reductions in lactate-related gene expression (Figure 6A), GFAP-Cre mice
exhibited a significant reduction in lactate concentration across time of day, relative to
controls (Figure 6B). Interestingly, NAc lactate concentration exhibits diurnal variation in
eGFP controls which was disrupted in GFAP-Cre mice. Alongside lactate measures, NAc
tissue from GFAP-Cre mice was also run through a GSH luminescent ELISA. Much like
lactate levels, GFAP-Cre mice exhibit significantly reduced GSH concentration across time
of day, relative to controls (Figure 6C). Notably, control mice also exhibit diurnal variation
in NAc GSH concentration that is significantly reduced in GFAP-Cre mice.
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Loss of BMALL1 function in NAc astrocytes alters excitatory synaptic transmission onto
neighboring MSNs

To investigate the impact that astrocyte molecular clock disruption may have on NAc
synaptic transmission, we performed whole-cell recordings from the principal medium
spiny neurons (MSNs) in the NAc from both GFAP-Cre and eGFP control mice during

the day and night (Figure 7A). Following the disruption of NAc astrocyte molecular

clock function, the evoked AMPA/NMDA EPSC ratio was significantly decreased in
GFAP-Cre mice during the day (Figure 7B), which was accompanied by a daytime
increase in AMPA (but not NMDA\) receptor EPSC decay kinetics (Figure 7C,D); i.e.,
suggesting postsynaptic glutamate receptor changes, particularly that of AMPA receptors.
Furthermore, the evoked EPSCs exhibited similar paired-pulse ratios across phases (Figure
7E), suggesting the presynaptic release probabilities of mixed glutamatergic inputs were
grossly unaltered under basal transmission. Following a train of stimuli, the slow EPSC
tail also showed similar decay kinetics across phases (Figure 7F), suggesting comparable
glutamate clearance between groups. Importantly, no significant differences in any of these
parameters were detected at night (Figure 7G,H,1,K; Supplemental Figure S9), though a
trending decrease in paired-pulse ratio was observed (Figure 7J). Interestingly, alongside
these electrophysiological changes, GFAP-Cre mice also show a significant upregulation of
glutamate-related gene expression in the whole NAc during the day — with upregulation of
nearly all AMPA receptor subunits (Figure 8).

Discussion

In the present study, we demonstrate for the first time that astrocytes in the NAc

have strong molecular rhythms, and this circadian function is important for overall NAc
function. Using RNA-sequencing across 6 times of day, we reveal approximately 43.3%

of detected genes in the NAc astrocyte transcriptome show significant diurnal variation,

with circadian and metabolic processes as the top enriched pathways/processes among these
rhythmic genes. Furthermore, we demonstrate mice with genetic disruption of NAc astrocyte
molecular clock function have significantly altered reward-related behavior, including phase-
dependent increases in exploratory drive, as well as increases in food self-administration

and motivation. Expanding on the behavioral phenotype, these mice also have disrupted
NAc metabolic homeostasis, as revealed by downregulation of lactate and GSH, as well as
altered metabolic-related gene expression. Finally, through electrophysiological whole-cell
recordings, we provide evidence that disrupting NAc astrocyte molecular clock function

also alters excitatory synaptic transmission onto neighboring MSNSs via decreased AMPA
receptor signaling, alongside upregulated glutamate-related gene expression. Taken together,
these novel findings underscore the functional significance of NAc astrocytes and the

degree to which their circadian regulation is essential for NAc function and NAc regulated
behaviors.

Of particular interest, a potential mechanism underling our GFAP-Cre phenotype may be
the uncoupling of circadian regulation of neurons from astrocytes. Astrocytes in the SCN
play an integral role in regulating neuronal rhythmicity through circadian controlled uptake/
release of glutamate and modulation of GABAergic tone and receptor signaling (91, 48).
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Moreover, disrupting circadian astrocyte function in the SCN causes a lengthening of the
circadian period (i.e., an inability to keep rhythms consolidated to ~24 hours) in both SCN
molecular rhythms and overall behavior rhythms (49). Notably, much like the SCN, the
NAc consists primarily of GABAergic neurons, and NAc astrocytes play a crucial role
maintain glutamate homeostasis (92, 93, 35). Similar to how SCN astrocytic regulation of
extracellular glutamate in a diurnal manner is important for regulating circadian rhythms
(48), astrocytic regulation of glutamate in the NAc is thought to contribute to reward-
regulation and drug addiction vulnerability (51, 35, 52, 53, 34). This is further supported
here through pathway analyses revealing glutamate and GABA receptor signaling, and
neurotransmitter uptake (glutamate) pathways/processes enriched among NAc astrocytes’
top 200 expressed genes. Likewise, we find disrupting NAc astrocyte circadian function
alters AMPA receptor signaling on neighboring MSNs by slowing the decay kinetics and
reducing their response relative to that of NMDA receptors, alongside increasing AMPA
subunit and specific NMDA, mGIuR, and glutamate transporter mRNA levels (perhaps
compensatory). Interestingly, previous work in our lab has shown mice with a global
functional mutation in CLOCK also have a decreased AMPA/NMDA ratio in NAc MSNs
and exhibit some of the same behaviors described here (21, 94). While not investigated, it is
possible these previously reported Clock phenotypes are being driven by a loss of CLOCK
function in astrocytes. This can be determined in future studies. Taken together, further
investigation is needed into how disrupting NAc astrocyte molecular clock function affects
glutamate signaling and/or its effects on neuronal rhythmicity, in the context of reward.

In addition to regulating glutamate levels, astrocytes play a central role in the maintenance
of neuronal metabolic homeostasis, including synthesis and shuttling of both lactate and
GSH (38-41). The astrocyte-to-neuron lactate shuttle (ANLS) hypothesis proposes that
increased neuronal activity and subsequent glutamate uptake by astrocytes triggers astrocytic
intake of glucose from blood capillaries, increasing glycolysis-mediated production of
lactate (a primary CNS energy substrate), and increasing shuttling of lactate to neurons,

via monocarboxylate transporters (MCTS), to sustain their energetic needs (95-98). Lactate
synthesis and shuttling are known to be regulated by the molecular clock and show diurnal
variation (99-104). Interestingly, here we demonstrate disrupting NAc astrocyte clock
function leads to a significant downregulation of NAc lactate levels across time of day,

as well as genes important for lactate synthesis (Laha&) and shuttling (Mct1 and Mct2).

This is of particular interest for reward regulation given the interconnectivity of circadian
rhythms, neuronal metabolism, and drug reward (105). While studies in the amygdala

find that blocking lactate shuttling attenuates cocaine reward (106-108), in the NAc, the
opposite appears to be true. In a recent study, blocking glucocorticoid-mediated lactate
release (i.e., decreased lactate) significantly /ncreased morphine preference that could be
normalized by restoring lactate (109). This model aligns with our findings. Interestingly,
not only is there extensive literature suggesting a dynamic interaction between the circadian
system and glucocorticoids in the context of reward (110, 111), but also here we show in
NACc astrocytes glucocorticoid receptor signaling is an enriched rhythmic pathway with
high interconnectivity with the circadian regulation pathway. This may partly explain

our molecular findings, in that glucocorticoid receptor signaling regulates both lactate
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production and NRF2 pathway activation (112, 113, 109). However, future investigation
is needed into this relationship and how it may underly our model.

Moreover, much like the ANLS hypothesis, activation of the NRF2 antioxidant signaling
pathway in astrocytes is also coupled with neuronal glutamatergic neurotransmission —
whereby glutamate triggers its activation (114, 115, 40, 116). NRF2 is also activated directly
by the presence of reactive oxygen species (ROS), inducing expression of GSH enzymes
and many other antioxidants (117-119) to remove ROS that would otherwise damage the
cell, also known as oxidative stress (120). Importantly, here we show monocarboxylic

acid biosynthesis (i.e., lactate), glycolysis, oxidative phosphorylation, and generation of
precursor metabolites/energy to be enriched among NAc astrocytes top expressed genes —
all processes known to generate ROS and potential oxidative stress. Moreover, circadian
analysis revealed NRF2-mediated oxidative stress response and ATPase Activityto be
enriched among the top rhythmic transcripts. Further supporting these enriched processes,
disrupting NAc astrocyte molecular clock function significantly downregulates NAc GSH
levels, as well as related genes, and both Gfapand Nrf2 expression are significantly
upregulated, known markers of astrocyte-reactivity and oxidative stress-induced antioxidant
response. Given the growing association between oxidative stress and SUDs and the
therapeutic potential of antioxidants that act on astrocytes (e.g., n-acetylcysteine, a GSH
precursor) (121, 122), future studies will investigate this relationship as it relates circadian
reward function in the NAc.

Finally, throughout our studies, males and females were grouped together when no sex
differences were statistically detected. Interestingly, only one sex difference was observed,
wherein disrupting NAc astrocyte molecular clock function produced a significant increase
in light-phase food self-administration and motivation in male mice. This is particularly
intriguing given our recent findings that Ajpas2 mutant mice show a phase- and sex-

specific increase in cocaine self-administration, where Ajpas2 mutation increased dark-phase
self-administration behaviors in female mice (28). Notably, ovariectomy normalizes the
phenotype, suggesting circulating hormones to be underlying this sex-specific effect (28).
While not investigated here, it may be interesting to explore the role of circulating hormones
in the sex-effects seen in the current study. Additionally, these nearly opposing phenotypes
may be driven by differential circadian effects of neurons versus astrocytes in the NAc —
given that NPAS2 is primarily enriched in D1-MSNs (123, 25). Though our RRHO analysis
revealed a nearly identical overlap in NAc astrocyte rhythmic transcripts between sexes, this
sequencing analysis was limited to just astrocytes and in non-experimentally manipulated
mice. Future studies will investigate sex-specific transcriptional changes in both astrocytes
and neurons that may arise following disruption of NAc astrocyte molecular clock function.

Collectively, the results of this study demonstrate for the first time that NAc astrocytes
exhibit a high degree of diurnal rhythmicity at the transcriptome level, with metabolic
relevant pathways/processes enriched among the top rhythmic genes. Moreover, our data
reveal that this circadian astrocyte function is not only important for the maintenance of
metabolic homeostasis, but also for glutamatergic signaling to MSNs, and downstream
regulation of NAc-regulated behaviors. While this circadian NAc astrocyte function most
obviously has implications in the context of reward-regulation, as shown here, but also has
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implications across other psychiatric disorders known to involve the NAc. Ultimately, these
data further our understanding of the relationship between circadian rhythms, metabolic
state, and reward circuity, and reveal a fundamental role of astrocyte rhythmicity in
regulating NAc function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aldhll1-eGFP/Rpl10a mice allow for isolation of astrocyte-specific ribo-associated
MRNA.

Schematic illustrating the immunoprecipitation (IP) of astrocyte-specific ribo-associated
mMRNA from whole NAc tissue of Aldh1l1-eGFP/Rpl10a mice that express an eGFP tag

on the ribosomal subunit RpL10a. (B) Isolated mMRNA is highly specific for astrocytes, as
revealed by a cell-type enrichment heatmap generated from plotting Log2CPM values of
established cell-type markers from our RNA-sequencing dataset (alternate names: SlcZa2 =
EAAT2or Glt-1; Slc1a3= EAATI1 or Glast, Glul = GS, Rbfox3= NeuN, Slc17a6 = Vglut?).
Columns are the individual samples, rows are individual genes. Purple indicates low
expression, while yelllow indicates peak expression. (C) Moreover, the fluorophore eGFP
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is expressed specifically in cells expressing the pan-astrocyte marker A/dh1/1, but not in
cells expressing the neuronal GABA transporter VGAT, as determined by RNAscope; arrows
indicate cells with co-expression of A/dh1/1and eGFP. (D) Following RNA-seq, Ingenuity
Pathway Analysis (62) and Metascape analysis (63) revealed the top canonical pathways and
biological processes enriched among the top 200 expressed genes in NAc astrocytes include
key metabolic and synaptic neurotransmission functions generally attributed to astrocytes.
Notable NAc-astrocyte enriched processes include glycolysis and lactate synthesis, oxidative
phosphorylation, glutamate receptor signaling, neurotransmitter uptake (e.g., glutamate), and
neuroinflammation signaling. Red line in bar graphs indicates significance threshold of
p<0.05 or —log10(p-value) > 1.3.

Biol Psychiatry. Author manuscript; available in PMC 2023 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Becker-Krail et al.

Page 20

A) Total Rhythmic Transcripts B) Phase Analysis (ZT) Top 200 Rhythmic Genes
22 1,000 2
BH g-value cutoff Adj. p-value cutoff 00
q<0.0001 | q<0.001 | g<0.01 | p<0.01 | p<0.05 20 600 a
1141 1988 3247 4122 5527 400 e
D ®
18 6 §
C) Top Enriched IPA Pathways N
Protein Ubiquitination Pathway 1 8 -2
Aldosterone Signaling in Epithelial Cells
NRF2-mediated Oxidative Stress Response 14 p 2 10 k + t t t J
2 6 10 14 18 22
Circadian Rhythm Signaling Zeitgeiber Time (ZT)
0 2 4 6 8 D)
log10(p-value) Arntl Per2 Nr1d1 Circadian
Top GO Biological Processes S S 60 (Bmal1) 6.0 60 Genes in
- Top 20
(&)
Circadian Regulation of Gene Expression %‘-. 5.5 5.5 5.5 ’\,’:91;’21
Regulation of Skeletal Muscle Tissue Development ‘ = Nrid2
Protein Folding ‘ § 50 50 59 thlhe141
Neg. Regulation of Glucocorticoid Receptor Signaling ‘ g 45 45 45 Ag;tl
Positive Regulation of ATPase Activity ‘ s Ciart
— T T u’j 4 40 4 DBP
0246 810 “2 610141822 2 610141822 ~ 2 6 10 14 18 22

E)

GO Biological Processes -log10(p-value)

Zeitgeber Time (ZT)
Enrichment Network

Zeitgeber Time (ZT) Zeitgeber Time (ZT)
Regulation of
Skeletal Muscle
Tissue Development

Neg. Regulation of Glucocorticoid
Circadian Regulation Receptor Signaling

of Gene Expression

Protein Folding

Positive Regulation
of ATPase Activity

Figure 2. Nucleus accumbens astrocytes are highly rhythmic at the transcriptome level.
Among the 12,739 genes identified in NAc astrocytes, approximately 43.3% of genes

exhibited rhythmic expression across the 6 ZTs sampled (ZT2,6,10,14,18,22; n=4-5 per
ZT,JTK_Cycle), or 5,527 genes at the Bonferroni-adjusted p-value cutoff of p<0.05.
Even using the most stringent statistical cutoff (Benjamini-Hochberg g-value cutoff of
g<0.0001), approximately ~9% of transcripts still display diurnal rhythmicity, or 1,141
genes. (B) Phase analysis through radar plotting of top rhythmic transcripts (p<0.05)

and heatmap visualization of the top 200 rhythmic genes reveal a majority of rhythmic
transcripts peak between ZT14 and ZT18, coinciding with the dark phase / active phase.
The radar plot perimeter axis represents ZT, while the inner axis is the number of genes
with peak expression at a given ZT. Heatmap displays Z-transformed expression for each
of the top 200 statistically rhythmic genes (as determined by JTK_Cycle), ranked in
descending order along the Y-axis (rows) and each subject ordered by ZT along the x-axis
(columns). The white bar indicates lights on (ZT2,6,10) and the black bars indicate lights
off (ZT14,18,22). (C) IPA pathway analysis and Metascape Gene Ontology (GO) Biological
Process analysis revealed both circadian and metabolic-related processes enriched among
the top rhythmic genes. Notable pathways/processes include circadian rhythm signaling
and circadian regulation of gene expression, as well as NRF2-mediated oxidative stress
response, regulation of ATPase activity, and glucocorticoid receptor signaling. Red line in
bar graphs indicates significance threshold of p<0.05 or —log10(p-value) > 1.3. (D) Core
circadian genes are among the top rhythmic genes and show expression patterns that align
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with previously established functional relationships; i.e., Arnt/ @ene that encodes BMAL1)
is anti-phasic with Per2and Nridl). (E) Among the top enriched rhythmic GO biological
processes, the circadian regulation of gene expression and glucocorticoid receptor signaling
node clusters show a high degree of interconnectivity.
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Figure 3. Loss of BMALL1 function in NAc astrocytes increases locomotor response to novelty in
mice during the day.

(A) Schematic illustrating the bilateral stereotaxic injection of either AAV8-GFAP-Cre-GFP
or GFAP-eGFP virus into the NAc of Bmall floxed mutant mice; injection at AP: +1.5,

ML: + 1.5, and DV: —4.4 microns resulted in a region-specific expression of the virus in

the NAc. (B) GFAP-Cre-GFP virus resulted in a NAc-specific loss of BMALL1 detection

by immunofluorescence (IF), specifically in GFAP+ cells (i.e., astrocytes). Arrows indicate
cells with co-expression. (C) In the locomotor motor response to novelty (LRN) task, mice
with a loss of BMALL function in NAc astrocytes (GFAP-Cre) show a significantly greater
LRN relative to control mice during the day (Virus: F1, 36) = 5.68, * p=0.02; Time: F(11, 396)
=40.41, p<0.0001; Time x Virus: F(11, 396) = 0.92, p=0.51; inset, t35)=2.32, * p=0.02). (D)
This increase in LRN is not driven by differences in habituation or overall locomotor activity
across the full task (inset) Virus: F(;, 36 = 0.0003, n.s. p=0.98; Time: F(11, 396) = 16.66,
p<0.0001; 7ime x Virus. F(11, 396)= 0.26, p=0.99; inset, t(35) = 0.46, p=0.64. (E) However,
during the night, mice show no significant differences in locomotor response to novelty
(Virus: F(1, 22) = 1.017, p=0.32; Time: F(11, 242) = 44.68, p<0.0001; Time x Virus: F(11, 242)
=0.62, p=0.8), (F) habituation (Virus: F(1, 22) = 2.19, p=0.15; Time: F(11, 242) = 3.28,
p=0.0003; Time x Virus: F(11, 242) = 1.91, p=0.03), or (G) overall locomotor differences
(top: t(21)=0.58, p=0.56; bottom: t(»1)=0.91, p=0.36). White background indicates behavior
run during the day (ZT 2-6). Blue background indicates behavior run during the night (ZT
14-18). Mean + SEM; n=12-22; * p<0.05, n.s. = not significant.
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Figure 4. Loss of BMALL function in NAc astrocytes increases exploratory drive in mice during

the day.

Both BMFL mice expressing NAc-specific GFAP-Cre or eGFP control were run through
a panel of behavioral assays testing exploratory drive. (A) In the open field (OF) task,
GFAP-Cre mice show an increased number of center entries relative to eGFP controls
during the day (top: t1g) = 1.91; # p=0.07), but not during the night (bottom: to4) = 1.21;
p=0.24). (B) In the light-dark box test (L/D), GFAP-Cre mice spend a significantly greater
percentage of time in the brightly lit chamber of the arena during the day (top: t(1g) =
2.37; * p=0.02), but not during the night (bottom: t(>3) = 0.09; p=0.92). (C) GFAP-Cre

mice also spent significantly more time in the open arms of the elevated plus maze (EPM)
during the day (top: t(18) = 2.35; * p=0.03), but not during the night (bottom: t(>4) = 0.81;
p=0.43). (D) Following an overnight food restriction, GFAP-Cre mice had a shorter latency
to eat food in the novelty suppressed feeding (NSF) task during the day (top: t22) = 1.9; #
p=0.06), but not during the night (bottom: t(>3) = 1.15; p=0.26). (E) Across the behavioral
panel, Z-normalization of the 4 behavioral tasks revealed a loss of BMALL function in
NAC astrocytes significantly increases exploratory drive behavior relative to control mice
during the day (top: t(11) = 8.14, **** p<0.0001), but not during the night (bottom: t(12

= 0.34; p=0.74). White background indicates behavior run during the day (ZT 2-6). Blue
background indicates behavior run during the night (ZT 14-18). Mean £ SEM; n=7-13; #
p<0.07, * p<0.05, **** p<0.0001.
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Figure 5. Loss of BMALL1 function in NAc astrocytes increases operant food self-administration
and motivation during the day.

To assess natural reward and reward-motivation, both BMFL mice expressing NAc-specific
GFAP-Cre or eGFP control were trained to self-administer food pellets in an operant

food self-administration task both during the day and at night. (A) Mice were trained to
discriminate between an active and an inactive lever, whereby active lever pressing resulted
in a fixed ratio (FR) of food pellets. (B) On an FR1 schedule (i.e., 1 lever press : 1 pellet),
GFAP-Cre mice successfully learn to self-administer food (Main effect of Session: Fg, 60)
=59.63, p<0.0001), but show no significant differences relative to controls (Virus: F1, 10)
=1.68, p=0.22). In both virus groups, males show a significantly greater response rate
relative to females (Sex: F(g.4, 4) = 37.11, ** p=0.006; Session x Sex: F(3 5 35.2) = 8.52,
*** n<0.0001). (C) To test reward motivation, mice were tested across increasingly difficult
FR schedules (i.e., FR3, 3 presses : 1 pellet; FR5, 5 presses : 1 pellet; FR10, 10 presses :

1 pellet). GFAP-Cre male mice not only show a robust maintenance, but also a significant
increase in food self-administration rate across FR schedules during the day, relative to
control counterparts (Session x Sex x Virus: Fg, 59) = 2.96, * p=0.01; Sex x Virus: F(q, 19)
=5.09, * p<0.05; Sex: (F(o.6, 6) = 34.92, ** p=0.001). No effect of the virus was seen in
female mice. (D) During the night, GFAP-Cre mice also successfully learn to self-administer
food (Main effect of Session: F(7 70y = 164.4, p<0.0001), with a main effect of sex (Sex:
F(0.37,3.7) = 15.01, * p=0.03; Session x Sex: F(2 g, 25.96) = 3.55, * p=0.03; Sex x Virus:

F, 10) = 5.05, * p=0.04), but no significant effects of virus (Virus: F(; 19) = 2.29, p=0.16).
(E) During the night, no significant differences are seen in motivation as mice are tested
across increasing FR schedules (Session x Sex x Virus: Fg sg) = 1.1, p=0.37; Sex x Virus:
F(l, 10) = 0.09, p=0.76 ; Sex: F(0_37‘ 367) = 2.17, p=0.17; Session x Sex: F(2_5Y 24.32) =

4.75, * p=0.01). White background indicates behavior run during the day (ZT 2-6). Blue
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background indicates behavior run during the night (ZT 14-18). Mean + SEM; n = 6; #
p=0.07, * p<0.05, ** p<0.01, *** p=0.0001.
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Figure 6. Loss of BMALL1 function in NAc astrocytes disrupts NAc metabolic homeostasis.
NAc tissue from both BMFL mice expressing NAc-specific GFAP-Cre or eGFP control was

processed through a range of molecular assays assessing factors relevant for regulation of
cellular metabolic state. (A) Through reverse transcriptase quantitative PCR (RT-gPCR), a
panel of metabolic genes was assessed in the whole NAc of GFAP-Cre and eGFP control
mice (ZT4-6). While there were no differences in the astrocyte marker A/ah1/1 (t24) = 0.09,
p=0.92), GFAP-Cre mice showed significantly elevated expression of G/ap (t23) = 3.74, **
p=0.001) and Nirf2 (t23) = 2.87, ** p=0.008), markers of astrocyte activation and oxidative
stress antioxidant response. GFAP-Cre mice also showed significant reductions in genes
relevant for glutathione (GSH) production (Gclc; t(23) = 2.15, * p<0.05), mitochondrial
biogenesis (Pgcla; to4) = 2.13, * p<0.05), and lactate synthesis and shuttling (Ldha, t(z2) =
2.75,* p=0.01; Mect1, o4y = 2.18, * p<0.05; & Mct2, t(24) = 1.77, # p=0.08). (B) Moreover,
loss of BMALL1 function in NAc astrocytes significantly reduces the concentration of lactate
(Time: F(q, 43) = 35.76, ****p<0.0001; Virus: F(1 43) = 15.79, *** p=0.0003; Interaction: F
1,43) = 0.20, p=0.65) and (C) GSH (m F(1, 43) = 3.56, # p=0.06; Virus: Fl, 43) = 5.31,

* p=0.02; Interaction: F(; 43) = 2.36, p=0.13) in the whole NAc across time of day. (D) The
effects on key metabolic genes, lactate, and GSH are hypothesized to disrupt neurometabolic
homeostasis, potentially leading to the downstream effects on NAc-regulated behavior. Gene
expression normalized to 18s. Mean+ SEM. N=10-15. # p=0.06; * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.
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Figure 7. Loss of BMALL1 function in the NAc alters excitatory synaptic transmission onto
neighboring MSNs during the day.
Slice electrophysiology was used to assess the effects of loss of BMALL1 function in NAc

astrocytes on glutamatergic signaling in neighboring MSNs during the light and dark phases.
(A) Location of stereotaxic injection of AAV8-GFAP-eGFP or AAV8-GFAP-Cre-GFP viral
vectors and region targeted for slice electrophysiology experiments. (B) Representative
traces (left) and quantification (right) of the AMPA/NMDA ratio. GFAP-Cre mice had a
significantly lower AMPA/NMDA ratio compared to GFAP-eGFP controls (t(12) = 4.753,
** p<0.01, unpaired £test). (C) Representative traces (left) and quantification showing

that GFAP-Cre mice have slower AMPA decay kinetics, as measured by AMPA receptor
half decay, compared to GFAP-eGFP controls (t(17) = 2.903, ** p<0.01, unpaired #test).
(D) However, there was no difference in NMDA receptor kinetics between GFAP-Cre

mice and controls (representative traces, left; quantification, right; t(13) = 0.469, p=0.647,
unpaired #test). (E) Both GFAP-Cre and eGFP mice displayed a similar paired pulse ratio
(P2/P1; i.e., EPSC2/EPSC1, measured at 20 ms ISI; t(17) = 1.063, p=0.303, unpaired #test;
representative traces, left; quantification, right). (F) Moreover, there was no difference in
the tau of the slow tail decay after a train of high frequency extracellular stimulation (5

x 0.5 ms 50uA pulses at 50Hz) between GFAP-Cre and eGFP mice (measured from 35
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ms following the peak of the last AMPA receptor EPSC; t(17) = 0.769, p=0.453, unpaired
Etest; representative traces, left; quantification, right). Notably, when recording at night,

no significant differences were seen in (G) AMPA/NMDA ratio (t(18) = 0.4396, p=0.665,
unpaired #test), (H) AMPA decay Kinetics (t(24) = 0.2177, p=0.829, unpaired #test), (I)
NMDA decay kinetics (t(23) = 0.2336, p=0.817, unpaired #test), (J) paired pulse ratio (t22)
=1.781, # p=0.088, unpaired #test), though trending, nor (K) tau of the slow tail decay
(t(4) = 1.225, p=0.2323, unpaired ttest) between GFAP-Cre and eGFP controls. Red traces
indicate GFAP-Cre group. Recordings performed ZT4-6 and ZT16-18. Blue background
indicates behavior run during the night (ZT 14-18). Mean+ SEM. n=6-14. ** p<0.01. n.s. =
not significant.
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Figure 8. Loss of BMALL1 function in NAc astrocytes upregulates NAc glutamate-related gene

expression during the day.

NAc tissue from BMFL mice expressing NAc-specific GFAP-Cre or eGFP control was
processed through RT-qPCR assessing daytime whole NAc gene expression of AMPA
receptor subunits, NMDA receptor subunits, mGIuR receptors, and astrocyte-specific
glutamate transporters (ZT4-6). (A) GFAP-Cre mice show significantly upregulated
expression of nearly all AMPA receptor subunits, including GriaZ (t(p1) = 2.874, ** p<0.01,
unpaired #test), Gria2 (to1) = 2.583, * p=0.017), Gria4 (t(21) = 2.267, * p<0.05), and
atrending increase in Gria3 (t(22) = 2.072, @ p=0.05), all relative to eGFP controls.

(B) Looking at NMDA receptor subunit gene expression, only Grin2d (t(p1) = 3.156,

** p=0.0048) and Grin3a (t(21) = 5.246, **** p<0.0001) show significant upregulation,
with GrinZa (t22) = 1.92, # p=0.06) showing a trending increase, relative to controls. No
significant differences between GFAP-Cre and eGFP control were detected for Grin1 (t(z2)
=1.491, p=0.15), GrinZb (t(22) = 1.276, p=0.21), and GrinZc (t22) = 1.555, p=0.13), while
Grin3b was not detectable at all in our whole NAc tissue samples (data not shown). (C)

In addition to AMPA and NMDA receptor subunits, we also investigated the expression of
the G-protein-coupled mGIuR glutamate receptors. GFAP-Cre significantly increased Grm?2
relative to eGFP controls (t(21) = 2.257, * p<0.05), but no significant differences were
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detected in Grm1 (t(22) = 0.2711, p=0.78), Grm3 (t(22) = 1.295, p=0.2), Grm4 (t(22) = 0.8764,
p=0.39), or Grm5 (t(22) = 0.9804, p=0.33) expression in the NAc. (D) Finally, expression of
astrocyte-specific glutamate transporters was also assessed in the whole NAc of GFAP-Cre
and eGFP control mice. G/t-1 (i.e., SLC1IAZor EAATZ)was significantly upregulated in
GFAP-Cre mice relative to controls (t23) = 2.225, * p<0.05), while no significant differences
were seen with Glast (i.e., SLCIAZor EAATT; t(23) = 0.5574, p=0.58) or the xCT cystine-
glutamate antiporter (i.e., SLC7A11; to4) = 0.2397, p=0.23) expression. Gene expression
normalized to 18s. Mean+ SEM. n=11-15. # p=0.06; @ p=0.05, * p<0.05, ** p<0.01, ****
p<0.0001. n.s. = not significant.

Biol Psychiatry. Author manuscript; available in PMC 2023 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Becker-Krail et al.

KEY RESOURCES TABLE

Page 31

each resource
type

references; use “this paper” if new.

Resource Specific Reagent or Source or Reference Identifiers Additional
Type Resource Information
Add additional | Include species and sex Include name of manufacturer, Include catalog numbers, Include any
rows as when applicable. company, repository, individual, or stock numbers, database additional
needed for research lab. Include PMID or DOI for IDs or accession numbers, information or

and/or RRIDs. RRIDs

are highly encouraged;
search for RRIDs at https://
scicrunch.org/resources.

notes if necessary.

Antibody Rabbit anti-GFP (IP) Abcam ab290; RRID:AB_303395
Antibody Chicken anti-GFP (IF) Abcam ab13970; RRID:AB_300798
Antibody Rabbit anti-BMALL1 (IF) Novus Biologicals NB100-2288;
RRID:AB_10000794
Antibody Mouse anti-GFAP (IF) Novus Biologicals NBP1-05197;
RRID:AB_1555288

Bacterial or AAV8-GFAP-eGFP University of North Carolina Viral RRID:SCR_002448
Viral Strain Vector Core
Bacterial or AAV8-GFAP-Cre-GFP University of North Carolina Viral RRID:SCR_002448
Viral Strain Vector Core
Chemical RNasin® Plus Promega cat# N2615
Compound or ribonuclease inhibitor
Drug
Chemical EDTA-free protein Roche through Sigma-Aldrich cat# 11873580001
Compound or inhibitor cocktail
Drug
Commercial RNAscope in situ Advanced Cell Diagnostics cat# 320850
Assay Or Kit hybridization Fluorescent

Multiplex Assay
Commercial RNeasy Plus Mini Kit QIAGEN cat# 74134
Assay Or Kit
Commercial iScript cDNA synthesis Bio-Rad cat# 1708891
Assay Or Kit kit
Commercial SsoAdvanced Universal Bio-Rad cat# 1725272
Assay Or Kit SYBR Green Supermix

kit
Commercial EZNA Micro Elute Total Omega Bio-Tek cat# R6831-02
Assay Or Kit RNA kit
Commercial Qubit RNA High Invitrogen cat# Q32852;
Assay Or Kit Sensitivity assay RRID:SCR_018095
Commercial Agilent RNA 6000 Pico Agilent cat# 5067-1513;
Assay Or Kit Kit RRID:SCR_018043
Commercial TruSeq Stranded Total lumina cat# 20020599
Assay Or Kit RNA Kit
Commercial BioVision BioVision Inc. cat# K607
Assay Or Kit Lactate Colorimetric/

Fluorometric Assay
Commercial GSH-Glo™ Glutathione Promega cat# V6912
Assay Or Kit Luminescence Assay
Organism/ Mouse: Bmal1ox The Jackson Laboratory JAX Stock No: 007668 B6.129S4-
Strain (BMFL); male & female Arntltm1Weit/J
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Resource Specific Reagent or Source or Reference Identifiers Additional
Type Resource Information
Organism/ Mouse: Aldh1l1-eGFP/ The Jackson Laboratory JAX Stock No: 007668; B6;FVB-
Strain Rpl10a; male & female RRID:IMSR_JAX:030247 Tg(Aldh1l1-
EGFP/
Rpl10a)JD133Htz/
J
Sequence- Primers for RT-qPCR, This paper N/A
Based Reagent | see Table S1
Sequence- Aldh1/1 RNAscope Advanced Cell Diagnostics cat# 405891
Based Reagent | Catalog Probe
Sequence- eGFPRNAscope Catalog | Advanced Cell Diagnostics cat# 400281-c3
Based Reagent | Probe
Sequence- Slc32a1 RNAscope Advanced Cell Diagnostics cat# 319191-c2 Vgat
Based Reagent | Catalog Probe
Software; Graphpad Prism 9 Graphpad Software RRID:SCR_002798
Algorithm Statistical Software
Software; Ethovision XT 13 Noldus Information Tech Inc RRID:SCR_000441
Algorithm Behavioral Software
Software; Med-PC software suite Med-Associates Inc RRID:SCR_012156
Algorithm (operant behavior)
Software; CFX Maestro Software Bio-Rad N/A
Algorithm (Real Time qPCR)
Software; Rstudio https://www.rstudio.com/ RRID:SCR_000432
Algorithm
Software; FastQC v0.11.7 https:// RRID:SCR_014583
Algorithm www.bioinformatics.babraham.ac.uk/
projects/fastqc/
Software; HISAT2 v2.1 http://daehwankimlab.github.io/hisat2/ RRID:SCR_015530
Algorithm
Software; Bioconductor edgeR https://bioconductor.org/packages/ RRID:SCR_012802
Algorithm package in R release/bioc/html/edgeR.html
Software; JTK_CYCLE package in DOI: 10.1177/0748730410379711 RRID:SCR_017962
Algorithm R (rhythmicity detection)
Software; DisplayR online data https://www.displayr.com N/A
Algorithm anaylsis and visualization
software
Software; Cytoscape v3.1.2 https://cytoscape.org/ RRID:SCR_003032
Algorithm interaction network
bioinformatics software
Software; Ingenuity Pathway QIAGEN RRID:SCR_008653
Algorithm Analysis (IPA)
Software; Metascape https://metascape.org RRID:SCR_016620
Algorithm (Bioinformatics
Database)
Software; Olympus Fluoview Olympus RRID:SCR_014215
Algorithm FV10-ASW 4.2 viewer
software
Software; pCLAMP 11 Molecular Devices RRID:SCR_011323
Algorithm electrophysiology
software suite
Other QIlAshredder QIAGEN cat# 79656
homogenization columns
Other VECTASHIELD Vector Laboratories RRID:AB_2336788
mountig medium plus
DAPI
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Resource Specific Reagent or Source or Reference Identifiers Additional
Type Resource Information
Other Dynabeads Protein G for Invitrogen cat# 10009D
Immunoprecipitation
Other ImmEdge® hydrophobic Vector Laboratories RRID:AB_2336517
barrier
Other ProLong™ Gold Invitrogen cat# P36930
Antifade Mountant
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