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Circadian rhythms are self-sustained oscillations of biological systems that allow an organism to anticipate periodic changes in the environment and optimally align feeding, sleep, wakefulness, and the physiological and biochemical processes that support them within the 24 h cycle. These rhythms are generated at a cellular level by a set of genes, known as clock genes, which code for proteins that inhibit their own transcription in a negative feedback loop and can be perturbed by stress, a risk factor for the development of mood and anxiety disorders. A role for circadian clocks in mood and anxiety has been suggested for decades on the basis of clinical observations, and the dysregulation of circadian rhythms is a prominent clinical feature of stress-related disorders. Despite our understanding of central clock structure and function, the effect of circadian dysregulation in different neuronal subtypes in the suprachiasmatic nucleus (SCN), the master pacemaker region, as well as other brain systems regulating mood, including mesolimbic and limbic circuits, is just beginning to be elucidated. In the brain, circadian clocks regulate neuronal physiological functions, including neuronal activity, synaptic plasticity, protein expression, and neurotransmitter release which in turn affect mood-related behaviors via cell-type specific mechanisms. Both animal and human studies have revealed an association between circadian misalignment and mood disorders and suggest that internal temporal desynchrony might be part of the etiology of psychiatric disorders. To date, little work has been conducted associating mood-related phenotypes to cell-specific effects of the circadian clock disruptions. In this review, we discuss existing literature on how clock-driven changes in specific neuronal cell types might disrupt phase relationships among cellular communication, leading to neuronal circuit dysfunction and changes in mood-related behavior. In addition, we examine cell-type specific circuitry underlying mood dysfunction and discuss how this circuitry could affect circadian clock. We provide a focus for future research in this area and a perspective on chronotherapies for mood and anxiety disorders.
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1. Introduction

The increased importance of the biological circadian clock in health and disease has strongly contributed to the recent research trend investigating the role of circadian rhythms in the etiology and treatment of stress-related disorders including mood and anxiety disorders (Imamura and Takumi, 2022). Early evidence of circadian disruptions in mood disorders comes from clinical research. Diurnal variation in mood and disturbed sleep is commonly observed in major depressive disorder (MDD) and cyclic mood episodes and sleep variations are often clinical manifestations in bipolar disorder (McCarthy and Welsh, 2012). However, it is a two-way street: the causes of mood disorders such as acute or repeated stress and reward withdrawal can affect circadian rhythms and the alteration in circadian rhythms themselves can affect mood. Light exposure or sleep manipulation which affects the circadian clock are now known to affect mood as well (Blume et al., 2019). For instance, chronotherapy using sleep deprivation, sleep phase advances, and bright light therapy has rapid antidepressant action in suicidal patients (Sahlem et al., 2014). Some medications, such as fluoxetine and lithium, used to treat MDD and bipolar disorder also affect the clock (Sprouse et al., 2006; McCarthy et al., 2013). Finally, the circadian clock regulates mood even in healthy subjects, as revealed by pronounced circadian rhythms of mood and reward motivation under controlled conditions (McClung, 2007; Logan and McClung, 2018). This is not a surprise considering that nearly half of all mammalian genes are expressed rhythmically in one or more tissues (Takahashi et al., 2008). Indeed, neuronal physiology and behavior are organized as a daily program that allows appropriate timing of functions and coordinated anticipation of the environmental 24 h day/night cycle (Andreatta and Allen, 2021).

In individual cells, the circadian clock regulates the expression of many genes critical for cell physiology and metabolism (Takahashi et al., 2008). At the molecular level, circadian rhythms are regulated by transcriptional–translational feedback loop where core transcriptional activators brain and muscle ARNT-like protein 1 (Bmal1), the circadian locomotor output cycles kaput (Clock), and the closely related neuronal PAS domain protein 2 (Npas2) bind at the E-box elements to modulate the expression of several genes, including period (Per) and cryptochrome (Cry), which, once translated, inhibit their own transcription (Astiz et al., 2019). Additional components of the feedback loop, such as Nr1d1/2 and Rora genes regulating Rev-erbs and Rors expression contribute to the precision and robustness of the clock (Preitner et al., 2002). These genes have been most studied in the suprachiasmatic nucleus (SCN), a master pacemaker region (Astiz et al., 2019). Several studies have shown association of clock gene polymorphisms with mood disorders, including associations of: MDD with Per2, Cry1, and Rora; seasonal affective disorder with Bmal1, Per2, Cry2, and Npas2; and bipolar disorder with Clock, Bmal1, Per3, Rev-erbα, and Rorb (McCarthy and Welsh, 2012). It is important to note that the expression of these genes varies within the brain. For example, Clock seems to be ubiquitously expressed in the brain while Npas2 is enhanced in the forebrain, particularly the nucleus accumbens (NAc) (Garcia et al., 2000), an important region regulating mood and reward (Lobo and Nestler, 2011; Russo and Nestler, 2013). Further support for a role of molecular clocks in mood disorders comes from human postmortem brain analyses which show significant alterations in the diurnal variation of the circadian clock genes in extra-SCN brain regions, including the NAc, amygdala, prefrontal cortex (PFC) and hippocampus in patients diagnosed with MDD (Li J. Z. et al., 2013).

At the cellular and synaptic level, clock genes or alterations in lighting conditions can alter excitability or synaptic activity in many regions that are also involved in anxiety, mood disorders, and reward (Logan and McClung, 2018; Andreatta and Allen, 2021). Despite the well-known circuit, cellular, and synaptic changes linked to depression-related behavior (Pittenger and Duman, 2008; Russo and Nestler, 2013; Francis and Lobo, 2017; Fox and Lobo, 2019), much less is known about how circadian clocks interact with these systems to either improve or in some cases induce mood-related disorders and anxiety. Current published work on reward-related behaviors may also provide information on how clock genes might drive alterations in affective states (Parekh and McClung, 2016). Clock genes can drive cell-specific changes in the NAc and dramatically alter responses to stress or other stimuli (Parekh et al., 2019; Porcu et al., 2020). Circadian clock alterations can contribute to enhancement or attenuation of excitatory (glutamatergic) or inhibitory (GABAergic) drive or their balance (Chellappa et al., 2016) through changes in synaptic plasticity or intrinsic properties that govern firing patterns of specific neuronal subtypes. In addition, lighting conditions, time of day, or manipulation of clock genes can affect synthesis or release of neuromodulators (e.g., ventral tegmental area (VTA) dopamine and serotonin) (Malek et al., 2007; Ferris et al., 2014). Altogether, these changes can have profound effects on how the brain processes information and promotes reaction to stimuli that underlie the genesis of mood and anxiety alterations.

These tissue-specific or cell-type specific patterns of expression and activity may account for differential roles of clock genes in mood and anxiety. With the advance of new tools, scientists have started to investigate circadian modulation (Table 1) and clock gene manipulation (Table 2) in different brain circuits and neuronal cell types in preclinical studies, which is a necessary step to advance our understanding on the mechanism underlying these disorders. Here, we discuss preclinical and clinical work showing circadian clock regulation in different neuronal populations and their role in mood-related phenotypes and speculate on how alterations in circadian clock may contribute to mood and anxiety-related disorders. We focus on the brain regions which have undergone more detailed assessment of circadian changes and their relationship to mood or anxiety and provide current information on known cell types that regulate these outcomes.



TABLE 1 Effects of circadian environmental manipulations on molecular and behavioral phenotypes.
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TABLE 2 Effect of clock gene manipulation on molecular and behavioral phenotypes.
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2. Suprachiasmatic nucleus

The SCN is well known to be the circadian pacemaker of the brain and only recent evidence implicates it in mood regulation (Vadnie and McClung, 2017). The SCN is a bilateral nucleus in the hypothalamus composed by ~20,000 neurons which express the neurotransmitter gamma-aminobutyric acid (GABA) and multiple neuropeptides including: neuromedin S (NMS), arginine vasopressin (AVP), vasoactive intestinal polypeptide (VIP), and gastrin-releasing peptide (GRP) (Rosenwasser and Turek, 2010). NMS is expressed in ~40% of all SCN neurons (Lee et al., 2015), AVP-expressing neurons are localized in the dorsal shell region, and VIP and GRP neurons are found in the ventral core of the SCN (Romijn et al., 1997; Moore et al., 2002). VIP, GABA, and NMS maintain synchronization among SCN neurons, produce a coherent circadian rhythm and transmit output signals to other brain regions (Mori et al., 2005; Lee et al., 2015).

Mechanisms underlying circadian clock disruption (e.g., light phase variations, genetic knockout) in the SCN and its effect on mood regulation have been evaluated in rodent models. Initial studies assessed mood-related behaviors in a non-cell type specific manner by broadly lesioning the SCN or circadian forced desynchrony through light/dark cycle manipulation. These initial studies showed largely different results with SCN lesions causing less immobility in the forced swim test (Arushanyan and Popov, 1995; Tataroǧlu et al., 2004) and with artificially short light dark/cycle (22 h instead of 24 h cycle) inducing depressive phenotypes during the animal’s dark (active) phase (Hamo et al., 2016). However, with this methodology, it’s unclear whether circadian or non-circadian changes led to abnormal mood-related behaviors. Recent work has provided more insight into the role of SCN using altering light phase, behavioral stress, genetic manipulation (i.e., knockdown, knockout, or overexpression) of peptides or clock genes, or selective cell-type activation.

Since light is a strong environmental cue for the mammalian circadian clock that synchronizes an organism’s biological rhythms (also known as a zeitgeber) (Golombek and Rosenstein, 2010), and the SCN is receptive to inputs directly responding to light in the retina, previous studies have assessed the effects of altered light environment on SCN activity and mood-related behaviors (Legates et al., 2014). Dim light at night perturbed clock gene expression rhythms in the SCN (Fonken et al., 2013), and mice exposed to constant light showed increased depressive-like behavior, decreased anxiety-like responses and altered glucocorticoid concentration (Fonken et al., 2009). Since daily corticosterone release depends on coordinated clock genes expression and neuronal activity rhythms in both VIP neurons in the SCN and CRH neurons in the paraventricular nucleus of the hypothalamus (PVN) (Jones et al., 2021), altered mood responses might be mediated by the SCN via glucocorticoids release. Importantly, circulating corticosteroids have a wide range of physiological effects and have been implicated in stress response and depression (Arborelius et al., 1999).

Excitatory and inhibitory activity in the SCN undergoes daily regulation, with increased glutamate miniature excitatory postsynaptic current (mEPSC) frequency and GABAergic miniature inhibitory postsynaptic current (mIPSC frequency) in VIP neurons in the dark phase (Cheng et al., 2018). Increasing excitatory and inhibitory balance on these cells can scale up overall activity of these VIP cells at night thereby increasing VIP release. VIP from these neurons is critical for maintaining and synchronizing rhythms in the SCN (Evans et al., 2013). Since altered rhythms can lead to susceptibility to mood and anxiety disorders, it is likely perturbations to VIP release will affect the expression of mood changes or responses to events that drive mood. Three hours of light exposure at the beginning of the subjective night suppressed the glutamateric and GABAergic changes in mEPSC and mIPSC frequencies, while exposure to a skeleton photoperiod did not affect mEPSC or mIPSC frequencies between the subjective day and night (Cheng et al., 2018). This study may implicate afferent glutamatergic and local GABAergic synaptic transmission on VIP neurons within the SCN in mood and anxiety outcomes, particularly in cases of perturbed start to the dark phase. Currently, little is known about how this synaptic activity is altered in mood disorders and anxiety.

Additional behavioral studies using unique light protocols provide some insight into SCN function in mood and anxiety. Short photoperiod exposure was found to induce depressive-like and anxiety-like responses in nocturnal hamsters (Pyter and Nelson, 2006), representing an animal model of seasonal affective disorder. Interestingly, short and long photoperiod exposure alters the phase distribution of SCN neuronal activity (VanderLeest et al., 2007; Evans et al., 2013) as well as VIP and NMS expression in the SCN (Porcu et al., 2022). Rats exposed to a long photoperiod showed increased anxiety and depression-like behaviors with a parallel decrease in dopaminergic neurons in the PVN (Dulcis et al., 2013) that receive input from the SCN (Romanov et al., 2017; Porcu et al., 2022), suggesting an important role of the SCN in mediating seasonal changes in light-dependent effects on mood. Altering the light phase provides a direct way of assessing how circadian clock alter behavior and may be a stressor on its own, particularly in nocturnal rodents. Chronic stress paradigms, however, are a useful way to induce depression-like and anxiety-like behavior in animals and examine resultant effects on a variety of systems. Very few studies have been done to examine the effects of depression models on SCN activity or clock gene expression (Logan et al., 2015; Landgraf et al., 2016b). Logan and colleagues showed that chronic unpredictable stress affected clock gene expression in the SCN of mice showing increased anxiety, depression-related behaviors, and physiological responses akin to human depressed patients (Logan et al., 2015). Circadian clock disturbances were also observed in other brain regions, such as the nucleus accumbens (Logan et al., 2015; Landgraf et al., 2016b). Because the SCN sends multi-synaptic connections to the VTA which projects to the NAc, the master circadian pacemaker might regulate mood and anxiety through modulation of mesolimbic circuits (see Ventral tegmental area and Nucleus Accumbens section).

Knockout or genetic manipulation of clock genes have provided the most specific information about how specific cell-types affect mood and anxiety. Several studies have investigated the effects of VIP, AVP, and NMS peptide knockdown and/or knockout on circadian behaviors and SCN circuit synchronization (Ono et al., 2021). However, changes in mood-related behaviors were not reported. Studies in humans have shown a decrease in SCN AVP neurons in patients with depression (Zhou et al., 2001), which may diminish neuronal coupling and suppress output signals that participate in synchronizing daily rhythms. In vivo studies of SCN AVP neuron-specific Chrono KO in mice reported longer circadian periods in their activity rhythms and increased corticosterone response after acute stress (Goriki et al., 2014). Since AVP neurons regulates hypothalamo–pituitary–adrenal (HPA) axis function during stress (Kovacs et al. 200) and abnormal corticoid levels are associated with mood disorders (Landgraf et al., 2015), CHRONO could have a crucial role in regulating SCN AVP activity which in turn affect glucocorticoid release and mood.

Rhythms in neuronal activity and neurotransmitter expression in the SCN are regulated by the clock genes. Therefore, altered circadian clock gene expression could lead to neuron physiology disruptions, which ultimately affect peripheral biological systems under the SCN’s influence. Indeed, Clock-Δ19 mice, which contain a somatic dominant-negative mutation of the gene Clock, showed increased motivation for rewarding stimuli, decreased depression-like behavior in the forced swim test, and learned helplessness tests (Easton et al., 2003; Roybal et al., 2007). In addition, Clock-Δ19 mice are similar to human mania, showing hyperactivity and decreased sleep. Treatment with lithium, a mood stabilizer widely used in treating bipolar disorder suppressed the exploratory phenotype in these mice (Roybal et al., 2007). Mice lacking both Per1 and Per2 (Bae et al., 2001) showed robust increase in anxiety and depression phenotypes (Spencer et al., 2013). However, there are different observations on the effects of CRY1 and CRY2 on mood and anxiety. Indeed, while one study showed that Cry1 or Cry2 single-KO and Cry1/2 double-KO mice showed increased anxiety states, but not depression-like behaviors (De Bundel et al., 2013), another study reported Cry1/2 double-KO displayed increased anhedonia compared to WT mice (Savalli et al., 2015a). A recent study found no differences in anxiety or depression-related behaviors in Cry1/2 double-KO (Hühne et al., 2020). Interestingly, Cry2-KO mice showed reduced despair-like behavior and increased anhedonia, but not anxiety-like behaviors (Sokolowska et al., 2021).

It is important to note that all these mouse models used overexpression or knock out variants of clock genes which are neither cell- or region-specific, therefore the observed effects on mood and anxiety might be due to indirect effects of the mutation on several unrelated processes in other brain areas. The best evidence for a SCN-specific effect of clock genes in mood regulation, comes from Landgraf and colleagues which induced an attenuation of SCN circadian rhythms by short hairpin RNA-induced knockdown (KD) of Bmal1. SCN-Bmal1-KD mice showed increased behavioral despair, anxiety-like behavior, and helplessness compared to control, while no changes were observed in hedonic behavior and spatial preference between SCN-Bmal1-KD mice and control mice (Landgraf et al., 2016a,b).

Molecular players regulating circadian gene expression or activity can also modulate neuronal physiology within the SCN circuit affecting behavior. The transcription factor SRY (sex-determining region Y)-box 2 (SOX2) positively regulates transcription of the core clock gene Per2 (Cheng et al., 2019). Using GABAergic-restricted conditional knockout (cKO) of SOX2 in the SCN, Cheng and colleagues found severely disrupts rhythms of locomotor activity in mice, reduces Per2 and decreases neuropeptides and expression of neuropeptide receptors within the SCN (Cheng et al., 2019). Interestingly, the authors later showed that the Sox2-cKO mice exhibited less explorative behavior in the elevated plus maze, increased immobility time in the forced swim test and tail suspension test, and decreased sucrose preference compared to control mice (Boehler et al., 2021), suggestive of increased anxiety and depression related behavior. Altogether these studies demonstrate that abolishing SOX2 expression in GABAergic neurons of the SCN perturbs behaviors that are associated with anxiety, depression, and motivation (or anhedonia) in mice likely by dysregulation of cellular timekeeping within SCN neurons and neuropeptide release regulating temporal information to other brain regions.

A recent study also highlights the important role of SCN GABAergic neuronal activation in the regulation of anxiety states in mice. To investigate the role of the SCN in regulating depressive- and anxiety-like behavior in mice, Vadnie and colleagues used optogenetic stimulation paradigms to chronically manipulate the GABAergic neural activity in the SCN. Chronic stimulation of the SCN GABA neurons late in the active phase resulted in a shortened period and dampened amplitude of locomotor activity rhythms and increased anxiety-like behavior in the elevated plus maze. Interestingly, acute SCN GABA neuron activation also enhanced anxiety responses. The authors conclude that dampening of rhythms in SCN GABA neurons can increase anxiety-like behavior in mice (Vadnie et al., 2022).

Altogether these studies are an important step into our understanding of the role of the SCN in mood-related behaviors, however the contribution of different SCN cell-types on depression and anxiety-like phenotypes is still unknown. Considering the heterogeneity of neurons in the SCN and their neural projections, future studies using cell-type specific approaches for clock genes and activity manipulation are needed to unveil the contribution of SCN neuronal subpopulation in mood regulation.



3. Ventral tegmental area and nucleus accumbens

Brain regions such as VTA and the NAc, central components of the highly interconnected mesolimbic dopamine circuit and critical regions for controlling reward and mood, exhibit their own specific rhythmic organization controlled by local clocks and clock-controlled inputs (DePoy et al., 2017). In the past few years, several studies in both rodents and humans have shown remarkable clock gene rhythms in both the VTA and NAc (Becker-Krail et al., 2022b). Early studies have reported circadian transcriptional regulation of tyrosine hydroxylase and monoamine oxidase in the VTA, which are enzymes crucial for DA synthesis and deactivation, respectively (Hampp et al., 2008; Logan et al., 2018). Consequently, an intra-diurnal rhythmic pattern of VTA DA neuronal activity was observed (Domínguez-López et al., 2014). Both phasic and tonic DA release is modulated by the circadian clock through the DA transporter and tyrosine hydroxylase (TH) expression, which regulates the diurnal variation of DA in the NAc (Ferris et al., 2014). Additionally, chronic stress, a risk factor for depression, alters the amplitude or phase of clock gene expression in the NAc (Logan et al., 2015). Specific cell types within each region regulate these rhythms and/or are receptive to rhythms from other regions.

Studies examining VTA clock-related changes related to mood have primarily focused on dopamine neurons or dopamine release. Clock-Δ19 mice showed altered gene expression of several key dopamine-related within the VTA including increased TH mRNA and reduced cholecystokinin (Cck) mRNA expression. These changes corresponded to increased dopamine neuron function as evidenced by increased glutamatergic tone as well as increased mean firing rate and bursting of DA neurons, which could be rescued by chronic lithium treatment (McClung et al., 2005; Coque et al., 2011). In agreement with these studies, Mukherjee and colleagues found that local infusion of CLOCK short-hairpin RNA in the VTA recapitulates the increase of DA release into the NAc (Coque et al., 2011), suggesting Clock-Δ19 changes were due to local VTA disruption of the CLOCK gene. Furthermore, VTA knockdown of Cck, a direct transcriptional target of CLOCK, is sufficient to recapitulate a manic-like behavioral phenotype (Arey et al., 2014). Increased sensitivity to ethanol and ketamine in Clock-Δ19 mice was also observed in VTA-specific Clock-knockdown mice (Ozburn et al., 2013). Clock-Δ19 mice and Clock-knockdown mice also showed a downregulation of GABAergic genes in the VTA (Mukherjee et al., 2010), suggesting a potential reduction of inhibitory control and disinhibition of DA neuronal activity. Altogether these studies support the unique function of CLOCK in the VTA in contrast to its widespread circadian transcriptional role in the SCN and other brain regions.

Clinical evidence implicates the involvement of the circadian nuclear receptor REV-ERBα in mood regulation. REV-ERBα is encoded by the NR1D1 gene, and genetic variations in human NR1D1 loci are associated with bipolar disorder onset and responsiveness to lithium (Kripke et al., 2009; Severino et al., 2009; Etain et al., 2011). Chung and colleagues found that genetic deletion of the REV-ERBα gene or pharmacological inhibition of REV-ERBα activity in the VTA induced hyperdopaminergic state and mania-like behavior (Chung et al., 2014). They also showed that REV-ERBα repressed TH gene transcription by competing with nuclear receptor-related 1 protein (NURR1), which altered circadian TH expression via a target-dependent antagonistic mechanism.

VTA neurons project to the NAc which plays a crucial role in regulating motivation and reward functions (Nestler, 2015). Dopamine signals in both the dorsal and ventral striatum are critical for reward and motivation. Recently, Stowe and colleagues showed diurnal rhythms in rapid dopamine signaling in the striatum which are mediated by time-of-day shifts in cholinergic interneuron control of dopamine. These systems work together to mediate time-of-day changes in conditioned responses to reward-associated cues (Stowe et al., 2022). The major NAc projection neurons that regulate these behaviors are GABA and peptide expressing neurons, also called medium spiny neurons (MSNs). The MSNs are classified by their DA receptor expression dopamine type 1 receptor or dopamine type 2 receptor, D1R-MSN or D2R-MSN, respectively. Activity of these two neuronal populations promotes dichotomous behavioral outcomes caused via cellular plasticity, subcellular signaling pathways, and genetic expression, playing a key role in regulating mood (Francis et al., 2015; Francis and Lobo, 2017). In most cases, enhancing D1R-MSN activity generates positive mood and reward-related outcomes while D2R-MSNs are responsible for blunting these outcomes (Lobo et al., 2010; Francis and Lobo, 2017). Suppression of glutamatergic activity to D1R-MSNs promotes anhedonic phenotypes (Lim et al., 2012; Francis et al., 2015; Francis and Lobo, 2017; LeGates et al., 2018; Francis et al., 2019). Rhythmic extracellular changes in DA, glutamate, and GABA are seen in the striatum and NAc (Castañeda et al., 2004), all neurotransmitters which play major roles in mood and stress-related outcomes. Studies in humans and animal models have shown clock disruptions in the NAc associated with mood dysregulation. Li and colleagues found remarkably weaker daily rhythms of clock gene expression in post-mortem human brains with a diagnosis of major depression disorder compared to healthy subjects (Li J. Z. et al., 2013). In rodents, chronic mild stress affects clock gene expression in the NAc associated with increased anxiety and depression-like behaviors (Logan et al., 2015). NAc brain slices from helpless mice showed less circadian rhythmicity and dephased single-cell rhythms compared to those from resilient mice (Landgraf et al., 2016b).

Electrophysiological recording in Clock-Δ19 mice showed profound deficits in low-gamma and single-neuron phase coupling in the NAc. Chronic lithium treatment ameliorated these neuronal phase-locking deficits. In addition, the authors found changes in dendritic morphology and reduced GluR1 expression in the NAc of Clock-Δ19 mice compared to WT littermates (Dzirasa et al., 2010). This data suggest that disruption of the Clock gene is sufficient to induce biochemical, morphological, and neurophysiological changes in NAc microcircuit affecting mood. Using whole-cell patch-clamp electrophysiology, Parekh and colleagues revealed that the Clock-Δ19 mice had reduced functional synaptic response in NAc neurons (Parekh et al., 2019), which can be caused by a loss of glutamatergic receptor function. Indeed, NAc surface protein levels and the rhythm of AMPA receptor subunit GRIA1 are decreased in the Clock-Δ19 mice and overexpression of functional Gria1 in the NAc normalizes increased exploratory drive and reward sensitivity behavior (Parekh et al., 2017). GRIA1 expression changes and surface receptor expression are suggestive of AMPA receptor plasticity. Since D1R-MSNs are required for reward related behavior (Lobo et al., 2010) and reduced AMPA receptor function in D1R-MSNs underlies reward and anhedonia deficits (Lim et al., 2012; LeGates et al., 2018), it is possible that D1R-MSNs could drive these changes observed in Clock-Δ19 mice. In addition, altered expression of NMDA receptor subunits can promote circadian changes leading to mood or anxiety alterations. For instance, NR1D1 knockdown females’ mice showed changes in the circadian clock, including upregulation of Per1 and Per2 genes, and histone deacetylase genes (Zhao and Gammie, 2018). Knockdown of NR1D1 gene in the NAc enhanced social interaction and reduced anxiety in female mice but not in male mice (Zhao and Gammie, 2018).

Recently, we found that mice exhibiting helplessness showed altered circadian clock function and high nighttime expression of CRY in the NAc, associated with decreased activation of D1R-MSNs (Porcu et al., 2020). Consistent with these observations, D1R-MSN–specific Cry-knockdown in the NAc reduced susceptibility to helplessness and increased NAc neuronal activation at night. Altered circadian clock and Cry mRNA expression were also observed in human fibroblasts from major depressive disorder patients (Porcu et al., 2020). Chronic social defeat stress induced mPer1 and mPer2 expression in the NAc and elective Per1 and Per2 knockdown in the NAc increased anxiety-like behavior as seen in the mPer1/mPer2 mutant animals (Spencer et al., 2013). Chronic treatment with the antidepressant fluoxetine, which is known to selectively enhance excitatory synaptic function on D1R-MSNs in stressed mice (LeGates et al., 2018), normalized Per gene expression towards wild-type levels in the NAc (Spencer et al., 2013). NPAS2, a paralog of CLOCK, which heterodimerize with BMAL1 to activate repressor genes such as Per and Cry is highly expressed in the NAc, specifically in D1R-MSN. Ozburn and colleagues found that Npas2-KO mice displayed anxiety-like behavior in elevated plus maze, light/dark box, and open field tests compared to WT mice (Ozburn et al., 2017). NAc-specific knockdown of Npas2 blocked cocaine-induced enhancement of synaptic strength and glutamatergic transmission specifically onto D1R-MSNs. D1R-MSN–specific Npas2-knockdown in the NAc reduced cocaine conditioned place preference (Parekh et al., 2019) We argue that, due to large variations in phasic dopamine through D1Rs and smaller changes in tonic dopamine, defined alterations in MSN intrinsic or synaptic activity, and changes in receptor expression, D1R-MSNs may be the primary cell targets that contribute to circadian-driven mood-related outcomes.

Altering clock genes in NAc glial cells can have profound effects on activity and mood-related behavior. Astrocytes are a highly abundant glial cell type essential for regulation of glutamate levels via glutamate uptake and release and neurometabolic homeostasis (Scofield and Kalivas, 2014; Kim et al., 2018). Importantly, astrocytes also contain a circadian molecular clock and clock genes regulate astrocyte functions (Prolo et al., 2005; Brancaccio et al., 2017). Deletion of Per2 in mouse astrocytes reduced despair and anxiety associated with increased GABA transporter 2 and dopamine receptor D3 mRNA and reduced glutamate levels in the NAc (Martini et al., 2021). However, neuronal Per2 knockout also reduces despair, but not anxiety responses. Astrocytic Bmal1 deletion in the NAc did not affect despair or anxiety (Martini et al., 2021). A recent study demonstrated that astrocytes in the NAc showed strong molecular rhythms which regulates NAc metabolic homeostasis and behavior. Genetic disruption of NAc astrocyte molecular clock function via NAc-specific Bmal1-KO enhanced reward related behaviors including motivation for food and exploratory behavior (Becker-Krail et al., 2022a,b). These behaviors were putatively facilitated by complex changes in AMPA receptor function and increased expression of AMPA and NMDA receptor subunits. Altogether, these results suggest an important role of circadian clock in different cell subtypes in the NAc in the reward-related behavior and mood regulation.



4. Habenula and thalamus

The habenula is adjacent to and communicates with thalamic regions which receive direct projections from the retina. The lateral habenula (LHb) has its own circadian rhythmicity as evidenced by ex vivo slice preparations. The LHb neurons exhibit intrinsic daily changes in their firing rate, with higher activity levels during the middle to late day and early night (Zhao and Rusak, 2005; Sakhi et al., 2014a). Consistent with this, the daily rhythms of neuronal LHb activity is absent in LHb brain slices from mice lacking a functional molecular circadian clock (Cry1,Cry2-KO mice) (Sakhi et al., 2014b). The LHb is a brain region that plays a crucial role in processing reward and aversion signals, as well as in regulating various behavioral and emotional states (Stamatakis and Stuber, 2012) and activity of this region causes anhedonia and helplessness through CamKII neurons (Li J. Z. et al., 2013; Li K. et al., 2013; Yang et al., 2018). The finding of daily fluctuations in the firing rate of LHb neurons implies that the timing of neural activity in this region may have important implications for its downstream targets in the midbrain. These midbrain targets include regions such as the ventral tegmental area (VTA) and the dorsal raphe nucleus (DRN), which are involved in reward processing, motivation, and mood regulation (Quina et al., 2015). Further investigations are needed to fully understand the precise mechanisms underlying the daily changes in firing rate within LHb neurons and their impact on midbrain targets. Elucidating these mechanisms would provide valuable insights into the role of the LHb in temporal processing, reward modulation, and mood.

Of note, a previous study revealed that CaMKIIa LHb neurons received light information from thalamic ventral lateral geniculate nucleus and intergeniculate leaflet GABAergic neurons which are innervated by ipRGCS (Huang et al., 2019). Light at zeitgeber time (ZT) 22 showed to affect mood-related behaviors in mice by activating the clock gene Period1 (Per1) in the LHb. Indeed, selective silencing of the clock gene Per2 in the LHb in rats induced depression-like behavior at night, (Li et al., 2021) and deletion of Per1 in the LHb suppressed the beneficial effects of light on despair related behavior (Olejniczak et al., 2021) suggesting that Per genes may play an important role in the pathogenesis of depression. Modulation of LHb GABA neurons regulates depressive-like behaviors and provides a potential circuit mediating the effects of phototherapy in depression (Huang et al., 2019).

The perihabenular nucleus (pHb) of the dorsal thalamus is integrated into a distinctive circuitry with mood-regulating centers and has been shown to regulate the effects of light on affective behavior. Fernandez and colleagues were the first to reveal two distinct retinal-brain pathways that mediate the direct effects of light on mood and cognition. Irregular light environment increased activity of pHb neurons, sustained light-mediated induction of the immediate-early gene c-Fos, and an altered clock gene rhythmicity (Fernandez et al., 2018). Mood alterations associated with changes in the thalamic pHb, included increased immobility time in the tail suspension test and in the forced swim test, as well as reduced sucrose preference. These depression-like behaviors were no longer observed in Opn4Cre/+;Brn3bDTA mice, which lack ipRGCs projection to the pHb but not to the SCN (Fernandez et al., 2016). In agreement with this, a recent study confirmed an SCN-independent pathway linking ipRGCs to pHb in regulating light-induced mood responses (An et al., 2020). The authors found that light acutely activates pHb–NAc projections under circadian clock modulations. Using electrophysiological recordings, they showed that NAc-projecting dorsal pHb neurons were capable of sustained activity when injected with depolarizing currents at night, while the same amount of injected current failed to evoke sustained activity in these neurons during the light phase, suggesting that the circadian clock gates the excitability of NAc-projecting dorsal pHb neurons (An et al., 2020). Importantly, they showed that pHb–NAc projecting neurons mediate the depressive-like behaviors induced by light at night. This interconnectivity between circadian-related regions involved in mood highlights the complexity of mood regulating brain systems and provides a foundation for more cell-type specific or pathway manipulation to determine how these interconnected systems distinctly regulate behavior.



5. Dorsal raphe nucleus

The Dorsal Raphe Nucleus (DRN) has been implicated in circadian-driven mood disruption. The DRN supplies the brain with serotonin, including regions involved in circadian regulation such as the SCN. Loss of serotonin input through a SCN serotonin receptor knockout can alter SCN neuronal activity, affecting the period and amplitude of SCN rhythms (Ciarleglio et al., 2011). The DRN receives direct input from the retina (Hattar et al., 2006) and light primarily activates GABAergic cells within this region and a small percentage of serotonin neurons (Güler et al., 2008). In fact, suppression of retinal input to the DRN potentiates depressive-like behavior and altered serotonin release from this region (Ren et al., 2013). Like the VTA dopamine, DRN serotonin production is regulated through circadian rhythmic expression of the Tph2 gene which produces tryptophan hydroxylase, a enzyme necessary for the synthesis of serotonin (Malek et al., 2005). In addition, Tph2 expression is sensitive to glucocorticoids (Malek et al., 2007), which could affect daily rhythms of serotonin synthesis and release.

The DRN is thought to be critically involved in depression and/or anxiety related behavior due to the use of common drugs used to treat these ailments (selective serotonin reuptake inhibitors, SSRIs) that block serotonin reuptake. Several pharmacological studies have suggested that the large median raphe serotonergic projection to the circadian clock in the SCN may modulate the phase of circadian rhythms. Electrical stimulation of the median or dorsal raphe nuclei reduces light-induced fos protein in the SCN and causes phase shifts in circadian activity rhythms (Morin and Meyer-Bernstein, 1999). This phase shift may also be influenced by a disynaptic DRN to medial raphe nucleus circuit projecting to the SCN (Glass et al., 2003). Interestingly, SSRIs and other serotonin affecting drugs can influence circadian clocks by phase advance in SCN neuronal firing (Sprouse et al., 2006). In one study, immobility in the tail suspension test was more effectively reduced by administration of fluoxetine administration at the start of the light phase of rodents (inactive phase), while other antidepressants that target additional systems showed different profiles (Kawai et al., 2019). Advancement in understanding of how time of day administration of common antidepressants affect mood will provide a better means of developing chronopharmacology to provide more effective treatment schedules for these mood disorders.



6. Hippocampus and amygdala

The hippocampus is well known to show significant pathology in depression including alterations in neuronal structure, synaptic activity and plasticity, and neurogenesis (Duman and Monteggia, 2006) and volume and activity alterations in humans is a predictor of successful treatment (Bell-McGinty et al., 2002; Hallahan et al., 2011; Gerlach et al., 2022). In addition, many of these changes can be ameliorated with antidepressants (Thompson et al., 2015). Using in vivo recording approaches, more attention is being given to how neuronal synaptic plasticity, and particularly, how firing rates are modulated by the circadian clock. Primarily excitatory, glutamatergic neurons have been the primary focus of this region and several studies showed that the magnitude of hippocampal long-term potentiation (LTP) varies based on the time of day (Paul et al., 2020). In Schaffer collateral activation in CA1, LTP is larger when rodent slices were prepared at night as opposed to the day (Harris and Teyler, 1983; Chaudhury et al., 2005; Bowden et al., 2012) and time of day alters the ability to induce LTP or alters the size of LTP in the dentate gyrus (Bowden et al., 2012). This may suggest the active phase may facilitate more robust excitatory transmission to efferent regions like the NAc during the active phase of animals, and thus, would alter responses to stimuli that promote mood and anxiety. These changes are supported by reports that astrocytes retract their processes and uptake less glutamate during the dark phase (McCauley et al., 2020). Dentate gyrus (DG) neurons also exhibit a 24-h cycle of intrinsic excitability and synaptic recruitment mediated regulation of membrane currents, regulated by cell intrinsic molecular clock transcriptional machinery (Gonzalez et al., 2023). Additionally, dim light at night has the capability of producing depression-related behavior and morphological changes including dendritic length, spine changes, and arbor reductions in the DG (Fonken et al., 2012). Together, these alterations in synaptic and intrinsic activity in the hippocampus indicate that time of day can have profound impacts on how plasticity within this region can be more or less sensitive to environmental perturbations or stimuli that promote susceptibility to mood and anxiety disorders.

Hippocampal clock gene expression shows circadian rhythmicity (Jilg et al., 2010) and factors that regulate clock genes in the hippocampus can have significant effects on depression-related behavior. Cyclin-dependent-like kinase 5 (CDK5) is critically involved in regulating the circadian clock via CLOCK phosphorylation at the Thr-451 and Thr-461 residues which alters CLOCK stability and subcellular distribution, resulting in transcriptional activation of CLOCK (Kwak et al., 2013). Zhu and colleagues found that chronic mild stress in rats increases CDK5 activity in the hippocampus, particularly in the DG subregion. Increased CDK5 activity in the hippocampus induced depressive-like behavior while regional inhibition of CDK5 in DG but not in the CA1 or CA3 hippocampal subregions decreased the development of depressive-like behaviors in rats (Zhu et al., 2012). This suggests CDK5 expression in the DG may promote susceptibility to depressive-like behavior through regulation of circadian proteins such as CLOCK.

The primary focus of much of this work in the hippocampus has been on excitatory, glutamatergic neurons. However, some recent data sheds light on how inhibitory hippocampal neurons may be involved in circadian regulation of mood. Somatostatin (SST) neurons in the hippocampus co-express GABA and are primarily inhibitory (Honoré et al., 2021). Analyzing hippocampal tissue from a cohort of subjects with substance use disorder and subjects with major depression Valeri and colleagues found decreased expression of SST in subjects with substance use disorder and in subjects with major depression (Valeri et al., 2022). Clock gene Arntl, Nr1d1, Per2 and Cry2 expression in the hippocampus was increased in subjects with substance use disorder, while Arntl and Nr1d1 expression was decreased in subjects with major depression (Valeri et al., 2022). SST release and clock genes may represent key converging pathways involved in contextual memory processing in mood regulation, providing more evidence for circadian alterations in the hippocampus that are consequences of mood disorders.

Growing evidence indicates that expression of SST in the amygdala plays a key role in impulsive behavior and in modulation of anxiety (McDonald et al., 1995; Engin et al., 2008; Yeung and Treit, 2012; Albrecht et al., 2013). Early studies have suggested a link between SST and circadian rhythms in bipolar disorder, showing diurnal SST cerebrospinal fluid, which peaks in the morning (Rubinow, 1986). Consistent with this observation, postmortem human brains analysis revealed daily changes in SST neurons density and number in the amygdala in healthy subjects, which was altered in bipolar patients (Pantazopoulos et al., 2017). In mouse models, SST in the amygdala has been shown to mediate the modulatory influence of circadian clocks on innate anxiety (Albrecht and Stork, 2017). Per2 mRNA levels display pronounced circadian fluctuation over a 24 h period in the basolateral amygdala which is correlated with SST. Testing the mice during two time periods of their active phase, i.e., in the first or the second half of the dark phase of the light / dark cycle, Albrecht and colleagues found increased locomotor activity towards the second half of the dark phase that in an open field test and reduced anxiety-like behavior of SST+/+ mice during the second half of the dark phase compared to WT mice (Albrecht et al., 2013). Interestingly, chemogenetic activation of ipRGCs, which simulates the excitatory effects of bright light on this cell type in dark-housed mice, evoked circadian phase resetting and pupil constriction and induced neuronal activation in the SCN, NAc, and basolateral and central amygdala (Milosavljevic et al., 2016). These neurophysiological events were associated with increased anxiety-like behaviors in the elevated plus maze and open field test (Milosavljevic et al., 2016). In mice, chronic mild stress-induced anhedonic behavior was associated with disturbed diurnal oscillation of Clock, Cry2, Per1, Per3, Id2, Rev-erbα, Ror-β and Ror-γ expression of in the mouse basolateral amygdala (Savalli et al. 2015b). Altogether these data suggest that circadian effects on anxiety responses and mood regulation are linked to the natural activity rhythms in the limbic system, specifically in amygdala neurons. Indeed, Lamont and colleagues demonstrated that various subregions of the amygdala display daily oscillations in clock gene expression. Importantly, these oscillations are not solely regulated by the SCN, but are also influenced by hormonal and neurochemical changes that occur during different motivational and emotional states (Lamont et al., 2005). Overall, this research sheds light on the complex interplay between the molecular clock, hormonal influences, and emotional states within the amygdala. Further exploration of these mechanisms may provide valuable insights into the links between circadian rhythms and emotional regulation, potentially paving the way for novel therapeutic strategies targeting circadian clocks in the amygdala circuitry.

Blue wavelength light has been used successfully as treatment for certain mood disorders, recent evidence in humans revealed that acute blue light exposure (relative to green) increased responses to emotional stimuli in the temporal voice area of the temporal cortex and in the hippocampus. During emotional processing, the functional connectivity between the temporal voice area, the amygdala, and the hypothalamus was selectively enhanced after blue light exposure (Vandewalle et al., 2010). In addition, 30 min of blue light exposure in the morning for 3 weeks enhanced positive connectivity between the right amygdala and a region within the left dorsolateral PFC associated with greater decreases in negative mood for the blue compared to ambient light condition (Alkozei et al., 2021).

In white-footed mice, a small photoperiodic rodent, ten weeks of exposure to 8 h of light and 16 h of darkness (short-day photoperiod) increased fear memory in an auditory-cued fear conditioning test and increased dendritic spine density of the neurons of the basolateral amygdala, without affecting morphology of pyramidal neurons within the infralimbic region of the medial prefrontal cortex (Walton et al., 2012). Altogether these studies suggest that light and its spectral composition regulate emotional brain processing and identify a unique network merging affective and ambient light information. Future studies are needed to reveal the contribution of amygdala rhythmic functions and neuronal cell-type regulating light-induced emotional responses.



7. Conclusion and future directions

Circadian-driven gene expression and neuronal activity are heavily influenced by stress and stress itself can influence circadian dependent activity. Additionally, it is clear the convergence of these two systems can strongly influence susceptibility to mood and anxiety disorders. Despite this, extensive work is still necessary to define how circadian clocks, genes that underlie these rhythms, and their resultant effect on cell subtype selective cellular and circuit activity alter mood and anxiety.

It is important to mention that circadian clocks are also influenced by seasonal changes in the environment at cellular and molecular levels (i.e., daylength) (Garbazza and Benedetti, 2018). Failing to adjust to these seasonal changes may heighten the risk of mood and behavioral issues, as well as lead to poorer clinical outcomes in psychiatric disorders. Seasonal changes have been observed to alter brain function and psychiatric symptoms (Zhang and Volkow, 2023). Misalignment between various biological rhythms and seasonal changes in the environment might impact mood and stress responses through gene expression, neurotransmission, and hormone releases. Further research is needed to identify cell-type and circadian processes that contribute to the seasonality of psychiatric symptoms and vulnerability.

We have entered an era of technological expansion in areas that could affect rhythms and promote susceptibility to these disorders. For instance, modern technology like cell phones exposes humans to altered light cycles or wavelengths at inappropriate times of day (i.e., not in normal phase) and there is an increased prevalence of anxiety in depression (Tancredi et al., 2022). We and others propose these two factors are linked where altered light phases can lead to poor mood outcomes or anxiety. In addition, humans face increased psychosocial stress due to new technologies and social connectedness (Hensel et al., 2022). These stressors are likely to regulate our own internal rhythms and contribute to disease.

The work highlighted here provides an overview of the few known brain-region and cell-type selective players at the intersection of environmental stressors and circadian clocks. The field is young and requires significant work to tackle the challenges and provide understanding of how environmental or interoceptive factors interact to promote mood and anxiety disorders. We suggest a few future avenues for additional work. First, cell-type specific manipulation of clock genes and assessment of mood outcomes in stress-naive and stressed mice could provide a sufficient starting point to untangle the circadian players in mood. Next, we suggest examining how clock genes contribute to activity of these cell types through synaptic function or circuit firing dynamics. Lastly, we hope that this research can be extended further to develop chronotherapies or chronopharmacology for the treatment of mood disorders and anxiety.
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Chronic stress
Clomipramine (CLI) injection
30min Light pulse at ZT22
T7eycle

3hlight at night for 3weeks
Retinal input ablation

Dim light at night

Chronic mild stress

Chemogenetic activation of ipRGCs.

Chronic mild stress

Short photoperiod

system

SCN

SCN
SCN

N/A

SCN

SCN

PYN

SCN

Nac

NAc

Nac
LHb
LHb
PHb
PHb
DNR

Hippocampus

Hippocampus

BLA, CEANACSCN

BLA

BLA

N/A

NIA
NIA

N/A

GABA and VIP

GABA, VIR, NMS.

SST/ DA, CRH

NIA

GABA
NIA

NIA
NIA

NIA

N/A

NIA
N/A
N/A
NIA
N/A
N/A

N/A

NIA

N/A

N/A

NIA

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Hamster

Rat

Mouse

Mouse

Mouse

Mouse
Mouse
Mouse
Mouse
Mouse

Gerbils

Mouse

White-
footed

‘mouse

N/A

Forced desynchrony of neuronal oscillators,

Altered clock genes expression

Glucocorticoids concentration

Changes in mPSCs frequencies

Phase distribution, neurotransmitter switching

Neurotransmitter switching, CRF release, neuronal activity

Altered clock gene expression

Active phase resulted in a shortened period

Reduces light-induced fos protein

Phase advance in neuronal firing

Altered clock gene expression

Less circadian rhythmicity and de-phased single-cell
thythms

Alteration
Perl and Per? expression

Increased Npas2 mRNA
Decreased Per2 expression
Activation of Perl expression
Altered Per2 and c-Fos expression
Altered circadian rhythm

Altered serotonin release

Morphological changes including dendritic length, spine

changes, and arbor reductions
Increases CDKS activity

Evoked circa

i phase resetting and pupil constriction

and induced neuronal activation

Disturbed diurnal oscillation of Clock, Cry2, Perl, Per3,

1d2, Rev-erba, Ror-f and Ror-y expression

Increased dendritic spine density

Reduced immobility in FS

behavioral despair
Increased immobility in FST

Altered feeding behavior and increased
body weight

Increasing depressive-like and

decreasing anxiety-like responses
N/A

Circadian locomotor activity

Depressive-like and decreasing ansiety-

like responses

Increased ansiety, depression-related

behaviors
Enhanced anxiety responses.

Causes circadian activity rhythm phase
shifts

NIA

Increased ansiety and depression-like

behavior

Depression-like behavior

Increased ansiety responses

Changes in forced swim test
Depression-like behaviors

Alters despair behaviors

Increased depression-like behaviors
Increased depression-like behaviors
Potentiates depressive-like behavior

Induced depression-like behaviors

Induced depressive-like behavior

Increased ansiety-like behaviors in the

elevated plus maze and open field test

Anhedonic behavior

Increased fear memory in an auditory-

cued fear conditioning test

Arushanyan and Popov (1995)

and Tataroglu et al. (2004)
Ben-Hamo etal. (2017)

Fonken etal. (2013)

Fonken etal. (2009)

Cheng et al. (2018)

VanderLeest etal. (2007),
Evans etal. (2013), and Porcu

etal. (2022)

Dulcis et al. (2013) and Porcu

etal. (2022)

Logan etal. (2015)

Vadnie et al. (2022)

Morin and Meyer-Bernstein

(1999)
Sprouse et al. (2006)

Logan etal. (2015)

Landgraf et al. (2016a.b)

Spencer etal. (2013)

Ozburn etal. (2017)
Lietal. (2021)
Olejniczak et al. (2021)
Fernandez etal. (2018)
Anetal. (2020)

Ren etal. (2013)

Fonken etal. (2012)

Yeung and Treit (2012)

Milosavljevic et al. (2016)

Savalli etal. (2015a,b)

Walton etal. (2012)
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Manipulation Cell-type Species Molecular/cellular phenotype Behavioral phenotype Reference

region/system

Chrono-KO SN AVP Mouse Larger corticosterone response, abnormal glucocorticoid levels | N/A Gorikd etal. (2014)
Clock-A19 SCN N/A Mouse Altered circadian thythm Increased motivation for rewarding stimuli, | Faston et al. (2003) and Roybal
decreased depression-like behavior inthe et al. (2007)
forced swim test and learned helplessness
tests
Perl-Per2 knock-out N/A N/A Mouse N/A Depression-like behavior in the forced swim ~ Spencer et al. (2013)
test
Cryl or Cry2 single-KO N/A N/A Mouse N/A Increased ansiety states but not depres De Bundel etal. (2013)
and Cry1/2 double-KO like behaviors
Cry1/2 double-KO N/A N/A Mouse N/A Increased anhedonia Savalli et al. (2015a,b)
Cry2-KO N/A N/A Mouse N/A Reduced despair-like behavior and Sokolowska etal. (2021)
increased anhedonia
Bmall-KD SCN N/A Mouse Reduced rhythmicity Increased behavioral despair anxiety-like | Landgrafet al. (20162.b)
behavior, and helplessness compared to
control
SOX2-KO SCN GABA Mouse Altered clock gene and neuropeptide expression Less explorative behavior in the elevated Cheng etal. 2019)
plus maze, increased immobility time in the
forced swimming test and tail suspension
test, and decreased sucrose preference
compared to control mice
CLOCK short-hairpin RNA VIA N/A Mouse DA release into the NAc and downregulation of GABAergic | N/A Mukherjee et al. 2010)
genes
Cek-KD VIA N/A Mouse N/A Manic-like behavioral phenotype Areyetal. (2014)
Clock-A19 VIA N/A Mouse Increased TH mRNA, reduced cholecystokinin mRNA, Increased anxiety-related behavior MecClung et al. (2005) and
increased dopamine neuron function as evidenced by Coque etal. (2011)
increased glutamatergic tone as well as increased mean firing
rate and bursting of DA neurons
REV-ERBa deletion VIA N/A Mouse Repressed TH gene transcription by competing with nuclear | Hyperdopaminergic state and man Chung etal. (2014)
receptor-related 1 protein behavior
Clock-A19 Nac N/A Mouse Deficits in low-gammia and single-neuron phase coupling, Increase exploratory drive tal. 2010)
dendritic morphology and reduced GIuRI expression
Clock-A19 Nac N/A Mouse Reduced functional synaptic response in MSN, decrease Exploratory drive and reward sensitivity Parekh et al. (2017)
protein levels and the rhythm of GRIAL in MSN
NRIDI-KD Nac N/A Mouse Changes in circadian rhythm, including upregulation of Perl | Enhanced social interaction and reduced | Zhao and Gammie (2018)
and Per2 genes, and histone deacetylase genes anxiety
CRI/CRY2-KD Nac DIR-MSN Mouse Increased MSN neuronal activation at night. Reduced susceptibility to helplessness Porcu etal. (2020)
Per1/Per2 KD Nac N/A Mouse N/A Regulation of anxiety related behavior Spencer etal. (2013)
Npas2-KD Nac N/A Mouse Alters expression of GABA-A receptor subunits, prevents Reduced aniety-like behavior Ozburn etal. (2017)
diazepam-induced potentiation of IPSC amplitude in MSNs
Npas2-KD Nac DIR-MSN Mouse Blocked cocaine-induced enhancement of synaptic strength Reduced cocaine conditioned place Parekh etal. (2019)
and glutamatergic transmission specifically onto DIR-MSN preference
Per2 deletion Nac Glia cells Mouse Increased GABA transporter 2 and dopamine receptor D3 Reduced despair and anxiety Martini etal. (2021)
mRNA and reduced glutamate levels
Bmall deletion Nac Astrocytes Mouse Complex changes in AMPA receptor function and increased | Enhanced reward related behaviors, Becker-Krail et al. (20222,b)
expression of AMPA and NMDA receptor subunits including motivation for food and
exploratory behavior
Per2-KD LHb N/A Mouse N/A Induced depression-related behavior Lietal. 2021)
Per1-KO LHb N/A Mouse N/A Suppressed the beneficial effects of light on  Olejniczalk ctal. (2021)
mood
SST-KO BLA SST Mouse N/A Lack of circadian fluctuation of ansiety-like | Albrecht etal. (2013)

behavior
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