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Abstract

Circadian rhythms are critical for human health and are highly conserved across species. 

Disruptions in these rhythms contribute to many diseases, including psychiatric disorders. 

Previous results suggest that circadian genes modulate behavior through specific cell types in the 

nucleus accumbens (NAc), particularly dopamine D1-expressing medium spiny neurons (MSNs). 

However, diurnal rhythms in transcript expression have not been investigated in NAc MSNs. In 

this study we identified and characterized rhythmic transcripts in D1- and D2-expressing neurons 

and compared rhythmicity results to homogenate as well as astrocyte samples taken from the 

NAc of male and female mice. We find that all cell types have transcripts with diurnal rhythms 

and that top rhythmic transcripts are largely core clock genes, which peak at approximately the 

same time of day in each cell type and sex. While clock-controlled rhythmic transcripts are 

enriched for protein regulation pathways across cell type, cell signaling and signal transduction 

related processes are most commonly enriched in MSNs. In contrast to core clock genes, these 

clock-controlled rhythmic transcripts tend to reach their peak in expression about 2 hours later in 

females than males, suggesting diurnal rhythms in reward may be delayed in females. We also 

find sex differences in pathway enrichment for rhythmic transcripts peaking at different times 

of day. Protein folding and immune responses are enriched in transcripts that peak in the dark 

phase, while metabolic processes are primarily enriched in transcripts that peak in the light phase. 

Importantly, we also find that several classic markers used to categorize MSNs are rhythmic in the 

NAc. This is critical since the use of rhythmic markers could lead to over- or under-enrichment of 
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targeted cell types depending on the time at which they are sampled. This study greatly expands 

our knowledge of how individual cell types contribute to rhythms in the NAc.
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Introduction

Circadian rhythms are critical for human health and are highly conserved across species, 

controlling physiological processes and behavior across the light/dark cycle. The core 

molecular clock, a series of interlocking transcriptional-translational feedback loops found 

in almost every cell in the brain and body1–3, is strongly implicated in this process. The 

molecular clock is regulated by the CLOCK protein and/or a closely related protein, NPAS2, 

which dimerize with ARNTL (BMAL1) to control transcription of many genes including the 

Period (Per) and Cryptochrome (Cry) genes. After translation, the PER and CRY proteins 

enter the nucleus and inhibit the transcriptional activity of (CLOCK/NPAS2)/BMAL1, 

closing the negative feedback loop3. In addition to regulating basic physiological processes 

and brain function, disrupted circadian genes are linked to altered mood4–10 and substance 

use (SU) vulnerability11–18 across species.

Research from our lab and others suggests that the intersection between circadian rhythms 

and psychiatric disease is largely mediated by the function of circadian genes in reward-

related brain regions, such as the nucleus accumbens (NAc)19–21. Importantly, the role of 

the NAc in physiology and behavior, including how circadian genes regulate these, appears 

to be cell-type specific22–24. While gene expression rhythms have been thoroughly studied, 

even cell-type specifically25, in the central pacemaker or the suprachiasmatic nucleus (SCN), 

little is known about the rhythmicity of genes in the NAc across cell type and the function 

of those rhythms. Importantly, recent work in mice26 and humans27 confirms that rhythms 

in transcript expression are abundant and widespread in the NAc. These include the core 

clock components discussed above, but also numerous other transcripts. These findings 

indicate that gene expression rhythms are highly prevalent in reward- and mood-related 

brain regions, however, these experiments were performed with bulk NAc tissue, not cell-

type specifically.

Since our prior work suggests that cell type plays a critical role in the effect of circadian 

rhythm disruptions in behavior, we aimed to use mouse models to measure transcript 

expression rhythms in different cell types in the NAc. Here, we measured gene expression 

rhythms in D1- or D2- expressing neurons in the NAc. We then compared these rhythms to 

those found in bulk NAc homogenate tissue and astrocytes28 taken from the NAc. Samples 

were collected from male and female mice in order to determine whether gene expression 

rhythms differ by cell type and sex, since sex differences are prominent in circadian 

rhythms29 and reward-related behavior30. In addition, we are using an approach that allows 

us to only measure actively translated mRNA expression, therefore these expression changes 

are likely to be functionally relevant at the protein level. We also leveraged these novel 
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data to investigate whether classically used cell-type markers differ in expression across the 

light/dark cycle, which will be critical for rigorous experimental design in the future.

Materials and Methods

Subjects

To sequence actively translated mRNAs, male and female Drd1- and A2a-Cre mice were 

crossed to RiboTag mice31, expressing a Cre-inducible HA-Rpl22. C57BL/6J mice were 

used to generate homogenate samples. Previously generated data was used for astrocyte 

analysis28 wherein the GFP-inducible alternative to HA-Rpl22, Rpl10a, was crossed to 

Aldh1l1-eGFP mice. Mice were over 10 weeks old and maintained on a 12:12 light-dark 

(LD) schedule with lights on (Zeitgeber Time (ZT0)) at 0700. Food and water were provided 

ad libitum and procedures were approved by the University of Pittsburgh IACUC.

Tissue Processing.

NAc tissue was collected from male and female mice pseudo-randomly across 6 times of 

day (ZT2,6,10,14,18,22). As described previously28,31, co-immunoprecipitation was used to 

isolate cell-type specific ribosome-associated mRNAs. Final eluted homogenate and D1 or 

D2 specific RNA was used for sequencing.

RNA-sequencing, analysis and visualization.

Following quality/integrity assessment, libraries were prepared and sequenced (blinded 

samples). mRNA (D1/D2) or total (homogenate) RNA sequencing was performed (n≥3) 

using the NextSeq 500 platform (Illumina) at the University of Pittsburgh Health Sciences 

Sequencing Core. After preprocessing and filtering of sequencing data, a parametric cosinor 

model32 assuming a sinusoidal relationship between the gene expression level and ZT 

was used to detect rhythmicity (Supp.Table.1). Six total samples were excluded, due to 

insufficient RNA, library preparation or raw counts.

Since a variety of library preparation and sequencing procedures were used each cell 

type was analyzed independently. Downstream analyses compared the rhythmic transcripts 

identified for each cell type, typically with a significance threshold of p<0.05. Differential 

expression (DE) analysis was also conducted to compare D1- and D2-expressed transcripts 

by DESeq233 during the light (ZT2,6,10) and dark phases (ZT14,18,22)(Supp.Table.2).

For rhythmic circadian transcripts, peak times and phase were visualized with heatmaps, 

scatter and radar plots. Heatmaps were generated by plotting expression levels ordered 

by peak time. Scatter plots were made for core clock genes. The proportion of rhythmic 

transcripts was plotted against peak time in radar plots. To visualize phase differences, phase 

concordance plots were made for rhythmic transcripts that overlap in males and females 

within each cell type. Transcripts were considered concordant if phase differences fell within 

a 4-hr window.

The RRHO (rank rank hypergeometric overlap) test was used as a threshold-free approach 

to identify overlap between males and females using ranked lists of rhythmic genes34. A 

heatmap indicates the level of overlap in genes across a significance gradient.

DePoy et al. Page 3

Mol Psychiatry. Author manuscript; available in PMC 2024 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ingenuity Pathway Analysis (IPA) software was used to identify significantly enriched 

pathways (p<0.05) in rhythmic transcripts (p<0.05; limited to top 2000) across groups 

(Supp.Table.3). Genes passing preprocessing selection in any cell type were used as 

the background gene list. A motif analysis was also performed using LISA (epigenetic 

Landscape In Silico deletion Analysis)(Supp.Table.4). A maximum of 500 rhythmic 

transcripts were used for each cell type and sex. p<0.00001 was used as a significance 

threshold to identify enriched motifs.

Results

Diurnally rhythmic genes differ greatly between cell types

We aimed to determine if diurnal rhythms in transcript expression in the mouse NAc vary 

by sex or cell type using co-immunoprecipitation of ribosome-associated mRNAs in D1- 

or D2-expessing cells. These actively translated transcripts are more likely to correspond 

to functional protein rhythms. We compared these results to homogenate preparations from 

the NAc, which contain a multitude of cell types, as well as previously published, astrocyte-

specific data28.

We found numerous transcripts with diurnal rhythms in the NAc and report the number 

of rhythmic transcripts when employing more or less stringent cut-offs and corrections for 

multiple comparisons (Fig. 1A). At a p<0.05, approximately 12% of transcripts expressed 

in D1 cells were significantly rhythmic (1,735 of 13,984), while ~14% were rhythmic in 

D2 cells (1,943 of 14,282). Similar results were found in homogenate NAc samples, where 

1,795 transcripts (~15%) were significantly rhythmic out of 11,867. Astrocytes had the most 

transcripts with significant rhythms at 6,481 (~51%) out of 12,739 transcripts. As expected, 

many of the top rhythmic transcripts in each cell type are core clock genes (Supp.Fig.1A). 

While overall gene expression levels for top circadian transcripts can vary, peak times are 

largely consistent, suggesting the core circadian clock is in phase across these cell types 

in the NAc (Fig.1B). We also confirmed high levels of enrichment for cell-type specific 

markers in D1 and D2 samples with minimal loss in expression compared to homogenate 

tissue (Supp.Fig.1B,C).

Ingenuity pathway analysis (IPA) was used to determine which pathways the rhythmic 

transcripts (p<0.05) significantly fall into, in each cell type (Fig.1C). The majority of 

rhythmic pathways are unique to one cell type, with minimal overlap observed. Only 

2 pathways are shared between homogenate tissue, MSNs and astrocytes. These include 

primarily transcripts encoding heat shock proteins (HSP and DNAJ families), which are 

critical for protein folding and assembly in the endoplasmic reticulum. This suggests protein 

regulation, including synthesis, folding and misfolding identification, is highly rhythmic in 

the NAc across cell type. Between MSNs and astrocytes, translational reprogramming is 

also overlapping (Fig.1C). Most of the unique processes found in homogenate tissue are 

specific to immune responses, which are also found in astrocytes and D2 cells, but these 

involve cytokine signaling and use cytoplasmic, not cell surface mechanisms, respectively. 

In D2 cells, cell signaling and protein modification are uniquely enriched processes, while 

transcriptional regulation/gene activation and signal transduction are primarily found in D1 

cells.
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Rhythmic genes are sex-specific, particularly in D1 cells

When rhythmic analysis was performed for male and female samples separately fewer 

rhythmic transcripts are found, likely due to lower statistical power (Fig.2A). However, 

approximately equal numbers of rhythmic transcripts are identified across sex in MSNs. 

Most rhythmic transcripts are uniquely identified in one sex, regardless of the significance 

threshold used (Fig.2B). Specifically, about 20% of rhythmic transcripts are overlapping 

in D1 cells taken from males and females, while about 40% are overlapping in D2 cells. 

The remaining rhythmic transcripts might be uniquely rhythmic in one sex. However, 

when p-values for each rhythmic transcript are plotted by sex (Supp.Fig.2), ~10% of 

transcripts reach significance in one sex (p<0.05), while approaching significance in the 

other (0.1<p<0.05). These transcripts are unlikely to represent a functional difference 

between the sexes. Taken together, approximately 70% of transcripts in D1 cells are 

uniquely rhythmic in one sex, while 50% are unique in D2 cells.

We next used a threshold-free approach (RRHO) to better visualize the overlap of rhythmic 

transcripts in males and females. As expected, we find less overlap between rhythmic 

transcripts in female versus male D1 MSNs compared to D2 MSNs (Fig.2C). Importantly, 

the most significantly rhythmic transcripts, found in the lower left-hand corner, are still 

overlapping in D1 MSNs. These shared genes include core clock genes, which have 

consistent expression levels and peak times across sex (Supp.Fig.3).

When expression is plotted across time of day (TOD) in heatmaps, overall patterns in 

rhythmicity can be visualized. Generally, we find strong circadian rhythms in MSNs 

extracted from males and females, where transcripts peak at all TOD (Fig.2D). However, 

if we plot expression for transcripts identified as rhythmic in one sex in the opposite sex (i.e. 
rhythmic transcripts from males plotted in females), heatmaps confirm lower overlap in D1 

cells, since rhythms in peak times are less apparent across TOD (Supp.Fig.4).

As in MSNs, the number of rhythmic transcripts identified in homogenate tissue is similar 

between sexes. Interestingly, astrocytes are distinct since males have twice as many rhythmic 

transcripts as females. As in D1 cells, approximately 20% of transcripts are overlapping 

across sex in homogenate tissue. Astrocytes are more similar to D2 cells, with 40% of 

transcripts overlapping (Supp.Fig.4).

Rhythmic genes are enriched for unique processes across cell type and sex in the NAc

Pathway analyses reveal that although most rhythmic pathways are unique to one cell type 

in females (Fig.2E) or males (Fig.2F), the processes regulated by these unique pathways 

can be similar. As when males and females are pooled (Fig.1), pathways involved in signal 

transduction and cell signaling are found in D1 and D2 MSNs. These are the primary 

pathways that overlap in male and female samples taken from D2 cells, while immune 

responses and transcriptional regulation are also enriched rhythmic processes in D1 cells 

across sex.

Certain rhythmic processes are also unique to one MSN and one sex. In females, rhythms in 

D1 cells are enriched for metabolism-related pathways, while unique processes are largely 

not found in D2 cells. In D1 cells taken from males, circadian rhythm signaling and cell 
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proliferation are uniquely rhythmic pathways, but cell cycle control and cellular motility are 

enriched in D2 cells.

When enriched pathways in MSNs are compared to homogenate tissue and astrocytes, 

some overlap can be seen across cell type and sex. Similar to when females and males 

are pooled (Fig.1C), protein regulation is the most commonly identified shared rhythmic 

process. In females (Fig.2E) and males (Fig.2F), homogenate tissue, astrocytes and D2 cells 

share rhythmic pathways related to protein folding, misfolding and/or synthesis. Although 

these same pathways are not enriched in D1 cells, others related to protein folding and 

regulation are significant. Only D1 cells taken from females are not enriched for protein 

processing-related pathways.

Other processes were identified that overlap across cell type in a sex-specific manner. 

Immune-related pathways are enriched in homogenate tissue and astrocytes extracted from 

males as well as D1 MSNs across sex. D1 cells and homogenate tissue taken from females 

are also enriched for rhythmic processes regulating oxidative stress. Although metabolic 

pathways are identified in other groups, these pathways are overwhelmingly enriched in 

homogenate tissue and astrocytes taken from males.

Rhythmic genes peak at distinct times of day and vary by sex

We determined the time of day at which significantly rhythmic transcripts peak in expression 

(Fig.3). Almost all groups have two clusters of rhythmic transcripts, one which peaks during 

the light phase (inactive; ZT0–12), and another that peaks during the dark phase (active; 

ZT12–24)(Fig.3A). In MSNs, peak times occur at ZT6/ZT18 in D1 cells and ZT5/17 in 

D2 cells extracted from females. Transcripts in males peak earlier, with the light peak 

time falling at ZT1 for D1 cells and ZT3 for D2 cells. Interestingly, D1 MSNs taken from 

males peak closer to sunrise and sunset (ZT0/ZT12) instead of mid-day and mid-night (ZT6/

ZT18) as in females. Interestingly, peak times are similar in homogenate tissue (ZT6) and 

astrocytes (ZT7) taken from females, but in males, no definitively clustered peak times are 

found for homogenate tissue and astrocytes peak later than MSNs (ZT5; Fig.3A).

Overall, a pattern emerges where the majority of rhythmic transcripts peak later in females 

than in males (~5 hours in D1 cells and ~2 hours in D2 cells/astrocytes). This difference 

appears to be partially driven by distinct rhythmic transcripts in males and females, as 

overlapping transcripts have more similar peak times across sex (Fig.3B), while unique 

transcript peak times are more divergent (Fig.3C). However, phase concordance plots show 

that overlapping transcripts still peak later in females than males in MSNs, as shown by a 

rightward shift in the transcripts (Fig.3D). When the difference in peak time is quantified 

(Fig.3E) astrocytes and homogenate tissue have no change in peak time, while shared 

rhythmic transcripts in MSNs peak about 2 hours later in females. Example rhythmic 

transcripts with peak time differences of 6 (left), 12 (middle) and 2 (right) hours are plotted 

for MSNs across sex (Fig.3F).

Light phase pathways are largely divergent across sex and cell type

Rhythmic transcripts were split into two 12-hour clusters based on peak times (see 

Supplemental methods). These two antiphase peak clusters are labeled “light” and “dark” 
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throughout based on which cluster peaks primarily during those phases. Homogenate 

samples taken from males have no clustered peak times, therefore all rhythmic transcripts 

from this group are compared to the light and dark peaking transcripts in other cell types.

We performed pathway analyses to compare pathways enriched in rhythmic transcripts 

peaking during the light and dark phase in males and females (Fig.4). Overall, we found 

more sex differences in pathways enriched for transcripts peaking during the light phase. In 

contrast, we found consistent pathway enrichment across sex (Supp.Fig.5) when only shared 

rhythmic transcripts were analyzed, suggesting sex differences are mediated by unique 

rhythmic transcripts.

In MSNs, the majority of pathways for rhythmic transcripts peaking during the light phase 

(Fig.4A–B) are unique to one cell type, but some of the processes these pathways regulate 

are similar. In light peaking transcripts, all MSNs taken from males are highly enriched for 

cell signaling/signal transduction. In contrast, rhythmic transcripts peaking in the light phase 

in MSNs extracted from females are highly enriched for metabolic pathways.

Many processes identified are unique to one sex and cell type. In D1 cells taken from males, 

pathways for transcripts peaking during the light phase are enriched for synaptogenesis, 

while D2 cells are enriched for cell structural maintenance. In D1 cells taken from females, 

light peaking transcripts are enriched for RNA processing and transcriptional regulation, 

while D2 cells are enriched for degradation and biosynthesis-related pathways.

During the dark phase, rhythmic processes identified in MSNs are highly overlapping 

(Fig.4C–D) with enrichment in cell signaling pathways across sex. Dark peaking transcripts 

in MSNs taken from males, as well as D1 cells from females, are also enriched for immune-

related pathways.

In addition to identifying fewer sex differences in dark peaking transcripts, we also found 

fewer cell-type differences (Fig.4). Similar to previous analyses (Fig.1C,2D,E), most of 

the overlapping pathways for transcripts that peak during the dark phase are involved 

with protein regulation. However, D1 cells taken from males are distinct, with enriched 

protein-related pathways identified for light, not dark peaking transcripts. This could be due 

to transcripts in this group tending to peak around sunrise/sunset instead of midday/midnight 

(Fig.3A). Rhythmic processes involving metabolism, cell signaling and immune responses 

are also overlapping, within various cell types, sexes and peak times.

Unique motifs regulate rhythmic gene expression across cell type, time of day and sex

A motif analysis was used to determine whether rhythmic transcripts are regulated by 

similar or different motifs or transcription factors across group (cell type, sex, TOD). 

While enriched motifs were largely consistent across all groups (Supp.Table.3), we also 

identified motifs that could regulate the differences in expression and enriched pathways 

seen across TOD, sex and cell type (Supp.Fig.6). Interestingly, some motifs associated with 

the expression of transcripts peaking at one TOD may also uniquely regulate rhythmic 

transcripts found in males or females. For example, Lhx8 (UP00184) and AFT2::JUN 

(M00084) binding sites are identified in dark peaking transcripts (across sex) as well as 
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rhythmic transcripts in males (across TOD). On the other hand, USF1 (MC00248), which 

could regulate light peaking transcripts, and EHF (MS00778) and ELF5 (MS00838), which 

could regulate dark peaking transcripts, may also regulate rhythmicity in females.

Rhythmicity should be considered when selecting cell-type specific markers

Historically, specific markers have been used to differentiate cell types, but rhythmicity 

in these transcripts has largely never been considered, even though rhythms could skew 

identification of cell types due to peaks and troughs in expression. We find that many 

historical markers for MSNs tend to be rhythmic, with moderate amplitudes, especially 

in D1 cells. This dichotomy between rhythmicity in D1 and D2 cells could further 

perpetuate misidentification and biased proportions of MSNs if these markers are used 

(Fig.5A). Markers that peak during the dark phase and trough during the light phase, when 

experiments are typically conducted, such as Penk (proenkephalin) and Adora2a (adenosine 

A2A receptor), would be especially problematic (Fig.5A). Some astrocyte markers are also 

rhythmic, such as Aqp4 (aquaporin 4;p=.0069). Novel markers have been identified for these 

cell types35, but many of these are also rhythmic (Fig.5B): ~50% in astrocytes, 20% in D1 

cells and 25% in D2 cells. Many of these novel markers also peak during the dark phase, 

suggesting expression levels of these transcripts will be lower than average (troughing) 

during the light phase, when tissue is collected.

We used our dataset to look for the most consistent markers for D1 and D2 cell 

differentiation across TOD. We identified 5 transcripts that are most differentially expressed 

(DE;FC of >2;lowest p-values) between D1 and D2 cells during both the day and night, as 

well as p>0.1 for rhythmic analysis (Fig. 5C). We identified several classic markers, such as 

Drd1 and Drd2, but also found novel markers that might be better candidates for identifying 

D1 (Tac1 and Arx) and D2 cells (Vtn).

Discussion

In this study we identified and characterized, for the first time, rhythmic transcripts 

selectively in D1- and D2-expressing neurons and compared rhythmicity results to whole 

NAc homogenate as well as astrocyte samples28. We observed diurnal rhythms in all cell 

types, with astrocytes having the most rhythmic transcripts and D1 cells having the least. 

The top rhythmic transcripts were largely core clock genes that peak at approximately the 

same TOD across cell type. Overall, protein-related pathways were enriched for rhythmic 

transcripts in all cell types, indicating the importance of rhythms in protein synthesis, 

folding and processing. Enriched pathways also varied by cell type: immune-related 

pathways were enriched in homogenate tissue and astrocytes, cell signaling and modification 

pathways were enriched in D2 cells and transcriptional regulation and signal transduction 

pathways were enriched in D1 cells.

We also found sex differences between cell types, particularly in MSNs. Specifically, we 

found that about 70% of rhythmic transcripts are unique to one sex in D1 cells, while only 

50% are unique in D2 cells. This sex difference can be readily visualized with a RRHO plot 

(Fig.2C), where we find less overlap between rhythmic transcripts in D1 cells taken from 

male and female mice, compared to D2 cells.
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Another key sex difference we identified was a change in peak time for rhythmic transcripts. 

Understanding peak time is critical to determining how transcripts work together. Rhythmic 

transcripts peak during the light (inactive) or dark (active) phase, suggesting separate 

physiological processes are occurring during these phases. A summary figure (Fig.6) shows 

the most highly rhythmic processes and their approximate peak time in each sex and MSN 

sub-type. Peak times vary highly by sex in MSNs, with shared rhythmic transcripts peaking 

about 2 hours later in females than males. It is possible that the delay in gene expression 

rhythms observed in females in the NAc translates to a shifted rhythm in neuronal activity 

or reward-related processes. If so, this could indicate that reward-related behavior should 

be measured, and therapeutic approaches might be more beneficial if delivered, at later 

clock times in females. Importantly, many studies performed in the NAc have focused on 

males even though sex differences are prevalent in many psychiatric disorders. In particular, 

substance use disorders (SUDs) are often more severe in women, who can experience faster 

escalation of drug use, more craving and more severe SUD when seeking treatment30,36–38. 

We have previously shown similar vulnerabilities in mice, where mutations in circadian 

genes increase SU to a greater extent in females22. This effect is mediated by activity in 

D1 cells in the NAc, therefore this delay in rhythms in MSNs could make females more 

vulnerable to circadian disruptions, especially in the context of SU.

We propose two main hypotheses for how this type of sex-dependent circadian variation 

can occur. First, we identified binding sites for transcription factors that are shared among 

only one sex. Since rhythms in core clock genes and clock-controlled genes (CCGs) 

are regulated largely through their patterns of transcription, this suggests that differences 

in binding motifs could yield variability in peak time across sex. Lhx8, MLXIPL and 

AFT2::JUN may be regulating transcription in males, while EHF, ELF5 and RARA could 

be regulating transcription in females (Supp.Fig.3). Second, it is possible that Ebox, Dbox 

or ROR elements, which differentially regulate rhythms in transcription, are more or less 

prominent in CCGs across groups. These elements are commonly found in the promoter 

region of CCGs and it has been suggested that phase variability across tissue might be 

driven by differences in either the presence of these elements or activity of the transcription 

factors that bind there39. Future studies will examine the various factors that could be 

altering transcription of CCGs, as well as other possible mechanisms including rhythms in 

polyadenylation and RNA stability.

When we perform pathway enrichment analyses in males and females, using transcripts 

that peak during either the light or dark phase, many unique pathways are found in D1 

and D2 cells. However, several of the processes these pathways regulate are similarly 

enriched in either cell type, sex or peak time. MSNs are largely enriched for cell signaling 

and signal transduction pathways, especially for transcripts peaking during the dark phase. 

Pathways related to actin cytoskeletal organization, synaptogenesis, RNA processing and 

transcriptional regulation are also frequently observed. Therefore, MSNs likely contribute to 

overall rhythms in signaling and neuronal activity in the NAc, which in turn could mediate 

rhythmic, reward-related behavior. Interestingly, when Drd2 is knocked out, rhythmic 

transcripts are greatly reduced in NAc homogenate tissue26, further indicating D1 and D2 

cells are working in tandem to control rhythms in this region.
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Previous evidence from our lab demonstrated that activity in NAc MSNs is highly 

rhythmic21. Specifically, we observed a diurnal rhythm in glutamatergic transmission and 

intrinsic excitability, which peaked during the dark phase. Dopaminergic functioning is 

also known to vary diurnally in the NAc, including dopamine levels, transporter function, 

tone and receptor expression40–42. In general, neuronal activity is enhanced during the dark 

phase when rodents are active. These results suggest that MSNs play a crucial role in 

driving rhythmicity in NAc activity, but other cells, such as cholinergic interneurons, which 

modulate diurnal rhythms in dopamine release in the NAc43, could as well. Additional 

studies are needed to evaluate how MSNs and other cell types contribute to rhythmic 

neuronal activity in the NAc and diurnal rhythms in reward.

The most commonly enriched rhythmic processes that emerged in all cell types were protein 

regulation. Therefore, rhythms are likely particularly important for protein function in the 

NAc. This is consistent with previous findings in mouse NAc homogenate samples26 and 

single-cell sequencing studies of the SCN25. In the central pacemaker, protein folding 

and related pathways were rhythmic in all cell types investigated, including neurons and 

astrocytes. Rhythmic transcripts within these pathways peaked during the dark phase, at 

about circadian time (CT) 18–20. This is consistent with our observation that protein-related 

pathways peak primarily during the dark phase across cell type in the NAc. Since rhythms 

in protein folding and processing are aligned across brain region and cell type, rhythms 

in protein regulation are likely critical to brain activity. These processes are also peaking 

during the dark, or active phase, in rodents when protein synthesis, folding, modification 

and degradation would be critical to cell function in the brain, as well as behavior. Protein 

regulation may be more quiescent during the light phase because animals are asleep.

Unlike MSNs, astrocytes are enriched for pathways related to translation initiation, 

ribosomal organization and metabolism, which are highly relevant for cellular physiology 

and health. Similarly, a recent study from our group demonstrated that knocking down 

rhythms in astrocytes in the NAc (through loss of Arntl) disrupted metabolic homeostasis28. 

It is also well known that astrocytes regulate glutamate levels and help maintain neuronal 

homeostasis44–46. Our lab found that a loss of rhythms in NAc astrocytes alters excitatory 

synaptic transmission onto nearby MSNs28. Taken together, these findings suggest that 

rhythms in astrocytes mediate neuronal activity, while NAc MSNs produce the signal 

transduction events that guide behavioral rhythms.

Previous studies in the SCN (the central pacemaker) find that core clock gene expression 

patterns differ between astrocytes and neurons25. We found that core clock genes peak at 

roughly the same TOD across cell type in the NAc, but peak times in other genes are about 

6 hours later in neurons compared to astrocytes in the SCN. While rhythms in astrocytes 

peak at approximately the same TOD in the SCN and NAc (within 1–2 hours), rhythms 

in neurons are more divergent, peaking several hours later in the SCN compared to the 

NAc25. This suggests the relationship between astrocytes and neurons is different in these 

regions, especially for circadian regulation. In the SCN, calcium rhythms are anti-phasic 

in astrocytes and neurons47, therefore astrocytes are more active when neurons are less 

active. It is hypothesized that astrocytes control neuronal activity in the SCN by regulating 

extracellular glutamate levels. Interestingly, we also found rhythms in genes that regulate 
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glutamatergic signaling in astrocytes in the NAc. However, while glutamine synthase (Glul) 

is rhythmic in the SCN25, in the NAc metabotropic glutamate receptors (Grm3 and Grm4) 

and the glutamate transporter (Slc1a2) are rhythmic. This suggests that while rhythmic 

glutamatergic synthesis and release from astrocytes suppresses neuronal activity in the SCN, 

resulting in an anti-phasic relationship47, rhythms in glutamate reuptake in NAc astrocytes 

might be causing astrocytes to fall into phase with neurons. Future research should further 

explore the rhythmic relationship between neurons and astrocytes in the NAc. As discussed 

for sex differences, it is also possible that differences in transcriptional regulation across cell 

type and brain region could be driving differences in gene expression rhythms. In fact, we 

identified several motifs that are common to only one cell type in the NAc (Supp.Fig.4): 

Ebf1 and Myf5 are commonly enriched in D2 cells, Atoh1 and Olig2 in D1 cells and MZF1 

and E2F2 in astrocytes. Future experiments could focus on investigating how these binding 

sites might regulate rhythms across cell types.

Lastly, we found that several classically used cell-type markers, as well as novel markers, 

are rhythmic in the NAc35. This issue is critical since neuroscience research is focusing 

more and more on investigating cell-type specific changes in the brain. In the past, marker 

selection has not considered rhythmicity. However, if markers are rhythmic, results could 

vary greatly depending on what time the samples are collected since peak and trough 

times vary for each gene. It could be advantageous if markers peak during the morning, 

at the TOD an investigator collects tissue, since gene expression will be high, making cell 

identification easier. However, if markers peak during the dark phase, expression levels 

could be artificially low and cause an under-representation of that cell type. This issue 

is particularly problematic because each marker has a diverse peak/trough time. Taken 

together, using rhythmic markers could lead to under-powered analyses if too few cells are 

categorized. In future studies, care should be taken to select markers that are not rhythmic in 

a given cell or brain region.

This study has added greatly to our understanding of how individual cell types contribute to 

rhythms in the NAc. Although additional studies are needed to investigate other prominent 

cell types, specifically non-neuronal populations such as oligodendrocytes, microglia 

and endothelial cells, the majority of cells within the NAc are MSNs and astrocytes 

(approximately 58% of cells collected)48. Cumulatively, these cell types cover most of 

the gene expression in the NAc, with other cell types expressing fewer genes and gene 

counts48. Understanding rhythms at baseline will help us determine how the NAc regulates 

rhythms in reward and how disruptions to these rhythms might lead to altered behavior. 

These results have also provided important insight that will help guide marker selection in 

future experiments. Most importantly, this study indicates that gene expression rhythms in 

MSNs might play an important role in neuronal activity. Future studies will be imperative 

to understanding how these rhythms in MSNs or astrocytes drive activity in the NAc and 

impact diurnal rhythms in reward.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rhythmicity in the NAc varies by cell type.
(A) Table listing numbers of rhythmic transcripts identified in each cell type in the NAc at 

various thresholds of significance (p values and q values (Benjamini-Hochberg correction). 

(B) Scatterplots show expression patterns (logCPM) across time of day for top rhythmic 

transcripts. These six core clock genes have consistent peak times across cell type. (C) For 

each cell type, pathway analyses identified pathways of rhythmic transcripts, which reached 

a significance threshold of p<0.05. The top 5 enriched pathways from each cell type are 

plotted together.
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Figure 2. Rhythmic transcripts vary by across cell type and sex in the NAc.
(A) Table listing numbers of rhythmic transcripts identified at various significance 

thresholds in each cell type for male and female samples taken from the NAc. (B) 

Venn diagrams are used to show overlap across sex for rhythmic transcripts at multiple 

significance thresholds (p<0.05 (left) or p<0.10 (right)) in D1 and D2 cells. (C) RRHO plots 

are also used to visualize overlap across sex in a threshold-free manner. (D) Heatmaps of 

rhythmic transcripts show patterns in peak times across groups. (E-F) Pathway analyses 

identified significant (p<0.05) pathways enriched for rhythmic transcripts. The top 5 

enriched pathways from each cell type are plotted together for (E) female and (F) male 

samples separately.
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Figure 3. Rhythmic transcripts tend to peak later in females than males.
(A) Peak times for each rhythmic transcript are shown in radar plots for each cell type in 

males and females across the 24-hour clock (ZT). The time with the highest proportion of 

peaking genes, as well as its opposite (12-hours apart), is indicated with a dot. Separate 

radar plots are shown for rhythmic transcripts that are (B) overlapping or (C) unique in 

males and females. (D) For genes that overlap in males and females, we also show phase 

concordance plots and (E) quantified the difference in peak time. On average, transcripts 

peaked 2 hours later in D1 and D2 cells taken from females compared to males. (F) Example 

transcripts with varying peak times across sex are shown with smoothed curves as well as 

individual data points: (left) ~6 hour, (middle) ~12 hour and (right) ~2-hour difference.
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Figure 4. Rhythmic transcripts peaking in the light phase contribute to largely distinct enriched 
pathways.
(A-D) Pathway analyses identified significant pathways (p<0.05) enriched for rhythmic 

transcripts falling into clustered peaks (“light” and “dark”). The tope 5 enriched pathways 

from each cell type are plotted together for each sex and peak time. For proper scale, p-

values are truncated at -log10(p-value)≤5 even if the pathway is more significantly enriched.
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Figure 5. Rhythmicity should be considered when cell-type specific markers are selected.
(A) Table showing rhythmicity (p-values and peak times) for several traditional markers 

used to distinguish D1- and D2-expressing neurons. (B) To visualize these rhythms, 

rhythmic markers from Table A are shown as smoothed curves in expression (logCPM) and 

individual data points in both D1 cells (rhythmic) and D2 cells (not significantly rhythmic). 

(C) Novel transcripts that have been identified for cell-type differentiation in the NAc are 

also found in our analysis. A subset of these are rhythmic, with many peaking in the 

dark phase. (D) The top 5 differentially expressed, non-rhythmic transcripts (rhythmicity 

p-value<0.10) enriched in D1 cells and D2 cells are shown. Corresponding p-values and fold 

changes for DE performed for samples collected during the light and dark phase are shown 

for each transcript. Non-significant p-values for rhythmicity are also reported. Expression in 

D1 cells was used as the baseline for DE analysis.
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Figure 6. Model summarizing enriched rhythmic processes in MSNs across time of day and sex.
D1 and D2 cells taken from males and females have enriched rhythmic processes identified 

from transcripts peaking in the light and dark phase. Four clocks are shown, with gray 

shading indicating the dark phase (ZT12–0). Enriched processes are listed at the time of day 

in which transcripts peak during the light or dark phase for that cell type and sex.
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