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Abstract

Background—Disruptions in circadian rhythms are associated with an increased risk for bipolar 

disorder (BD). Moreover, studies show that the circadian protein CLOCK is involved in regulating 

monoaminergic systems and mood-related behavior. However the molecular and synaptic 

mechanisms underlying this relationship remain poorly understood.

Methods—Using ex vivo whole cell patch clamp electrophysiology in ClockΔ19 mutant and 

wildtype (WT) mice we characterized alterations in excitatory synaptic transmission, strength and 

intrinsic excitability of nucleus accumbens (NAc) neurons. We performed protein crosslinking and 

Western blot analysis to examine surface and intracellular levels and rhythm of the glutamate 

receptor subunit, GLUA1, in the NAc. Viral-mediated overexpression of GluA1 in the NAc and 

behavioral assays were also used.

Results—Compared with WT mice, ClockΔ19 mice display reduced AMPAR-mediated 

excitatory synaptic responses at NAc medium spiny neurons (MSNs). These alterations are likely 

postsynaptic as presynaptic release of glutamate onto MSNs is unaltered in mutants. Additionally, 

NAc surface protein levels and the rhythm of GLUA1 are decreased in ClockΔ19 mice diurnally, 

consistent with reduced functional synaptic response. Furthermore, we observed a significantly 

hyperpolarized resting membrane potential of ClockΔ19 MSNs suggesting lowered intrinsic 

excitability. Lastly, overexpression of functional GluA1 in the NAc of mutants was able to 
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normalize increased exploratory drive and reward sensitivity behavior when mice are in a manic-

like state.

Conclusions—Together, our findings demonstrate that NAc excitatory signaling via GLUA1 

expression is integral to the effects of Clock gene disruption on “manic-like” behaviors.
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Introduction

Endogenously generated circadian rhythms allow organisms to adaptively entrain to life on 

earth by coordinating behavior with photic and non-photic environmental cues (1). The 

suprachiasmatic nucleus (SCN) synchronizes subsidiary clocks throughout the brain and 

periphery, however local, SCN-autonomous molecular rhythms can be found. Cells 

orchestrate molecular rhythms through a series of transcriptional-translational feedback 

loops (2; 3). Genome-wide studies suggest that variations in clock genes are strongly 

associated with human neuropsychiatric illnesses including substance abuse disorders and 

bipolar disorder (BD), a highly disruptive condition affecting 1–3% of the U.S. population 

(4–7). BD is characterized by mood cycling through manic, depressive and euthymic states 

(8). A complex bidirectional relationship exists between circadian disruption and BD 

whereby polymorphisms in circadian genes confer risk for the disease in predisposed 

individuals and those suffering from it often experience abnormal rhythms (9). Recently, BD 

has been re-conceptualized by some as a synaptic disorder where the functions of 

postsynaptic proteins are altered in prefrontal and striatal regions, potentially producing 

circuit-level consequences affecting normal mood and reward response (10; 11). 

Additionally, mood-stabilizing agents exert their effects in part by acting directly on synaptic 

elements including glutamatergic transmission (11; 12).

Our lab and others have previously characterized a “manic-like” behavioral profile in mice 

harboring a point mutation in the 19th exon of the Clock gene, producing a dominant 

negative CLOCK protein capable of DNA binding but deficient in transcriptional activity 

(13; 14). These ClockΔ19 mice display hyperactivity, increased exploratory drive, lowered 

depression-like behavior, reduced sleep, greater impulsivity and increased reward response 

(15–20). Moreover, ClockΔ19 mice are hyperdopaminergic, with elevated ventral tegmental 

area (VTA) dopamine neuron activity and dopamine signaling in the nucleus accumbens 

(NAc) (17; 21; 22). The NAc consists primarily of GABAergic medium spiny neurons 

(MSNs) and integrates limbic and motor information to drive motivated behavior. Afferent 

glutamatergic inputs to the nucleus originate mainly from the prefrontal cortex, 

hippocampus and amygdala as well as a prominent dopaminergic projection from the VTA 

(23). Dopamine reliably modulates the activity of glutamate at MSN synapses via second 

messenger signaling, having implications for substance abuse and mood disorders (24–26). 

Furthermore, imaging studies of un-medicated BD patients indicate significantly lower 

striatal dopamine transporter (DAT) availability suggesting abnormal dopamine transmission 

and reward processing in this region (27).
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The consequences of Clock disruption on network activity in mesocorticolimbic circuitry 

have been investigated in greater depth. We previously reported reduced total NAc protein 

levels of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type 

glutamate receptor subunit, GLUA1, and phosphorylated GLUA1 (P-GLUA1 Ser845) as well 

as altered MSN dendritic morphology in ClockΔ19 mice. Furthermore, mutants exhibit 

diminished cross-frequency phase coupling of neural oscillations within the NAc and 

coherence with cortico-limbic regions during exploration of a novel environment (28). NAc 

phase coupling depends upon glutamatergic signaling and computational models suggest 

that altered AMPAR and NMDAR function can shift synaptic weights, disrupting the ability 

of MSNs to entrain to afferent input (29). It has been proposed that this imbalance within 

accumbal circuitry can alter functioning of downstream target regions within networks 

regulating goal-directed behavior (28). Given the increased dopaminergic tone of ClockΔ19 

mice, we hypothesized that there may be adaptations in NAc microcircuitry indicative of 

plasticity.

Here we sought to investigate the effects of ClockΔ19 on excitatory drive onto NAc MSNs 

as well as the expression and rhythm of accumbal GLUA1 protein and intrinsic excitability 

of MSNs. While rhythms in dopamine, glutamate and GABA neurotransmission have been 

demonstrated in the accumbens (30), ex vivo electrophysiological studies of diurnal activity 

in excitatory synaptic function have been lacking. We therefore conducted our physiological 

and biochemical measures across the light/dark cycle. Additionally, we examined whether 

manipulation of GluA1 in the NAc could normalize aspects of the “manic-like” behavioral 

profile in ClockΔ19 mice.

Materials and Methods

Animals

ClockΔ19 mice were created by N-ethyl-N-nitrosurea (ENU) mutagenesis (13). Mutant 

(Clock/Clock) and wildtype (+/+) littermates (BALB/cJ and C57BL/6J mixed background) 

were bred from heterozygote (ClockΔ19/+) pairs and group housed. Animals used in this 

study were maintained on a BALB/cJ background. Male and female mutant and WT mice 

(6–9wks) were used for electrophysiological experiments. Hyperactivity in response to 

novelty, a key manic-like feature of ClockΔ19 mice was apparent within this age range 

(t(10)=5.376, P=0.0003) (fig.S1). Male mice (8–12wks) were used for biochemical and 

behavioral experiments. Mice were maintained on a 12:12h light/dark cycle (ZT 0 = lights 

on 7:00AM; ZT 12 = lights off 7:00PM) or a reverse 12h light cycle. For 24hr time-series 

experiments, mice were group housed in temperature-controlled, soundproof cabinets with 

light cycles precisely regulated. Food and water were available ad libitum. All animal use 

was conducted in accordance with the National Institute of Health guidelines for the care 

and use of laboratory animals and approved by the Institutional Animal Care and Use 

Committee of the University of Pittsburgh.

NAc slice preparation

Animals were rapidly anesthetized with isoflurane and decapitated. Brains were removed 

into ice-cold oxygenated (95% O2/5% CO2) modified aCSF containing (in mM): 135 N-
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methyl-D-glucamine, 1 KCl, 1.2 KH2PO4, 1.5 MgCl2, 0.5 CaCl2, 70 choline bicarbonate, 

and 10 D-glucose; pH 7.4 adjusted with HCL. NAc-containing coronal slices (200mm) were 

sectioned with a vibratome (VT1200S; Leica, Wetzlar, Germany) and incubated for 30 

minutes at 37°C in oxygenated aCSF containing (in mM): 119 NaCl, 26 NaHCO3, 2.5 KCl, 

1 NaH2PO4, 2.5 CaCl2, 1.3 MgCl2, 11 D-glucose. Slices were kept in room temperature 

aCSF until recording (30–32°C).

Whole-cell patch-clamp recordings

Slices were viewed by differential interference contrast (DIC) optics (Leica) and the 

accumbens was localized under low magnification. Recordings were made under visual 

guidance with 40x objective. Cells were voltage clamped at −70mV. pClamp10 software 

(Molecular Devices, Sunnyvale, CA) was used to analyzed data. For mEPSC analysis, 250–

2500 events were collected. AMPA/NMDA ratios were determined by taking the average 

peak amplitude of EPSCs at 40mV in the absence or presence of D-APV (30 sweeps) or at 

−70mV. For paired pulse experiments, a set of two pulses was delivered (every 10s) with 

varying inter-pulse intervals (30 sweeps). Decay kinetics were measured automatically and 

CV was calculated as the standard deviation over mean of individual EPSC amplitudes (30 

sweeps). For current clamp, membrane potential was adjusted to −80mV with minimal 

current injection. A current step protocol from −200pA to 400pA was applied (50pA 

increment; 5 runs). Details are provided in supplementary methods.

Surface GLUA1 detection

Slight modifications were made to a previously described protocol (31). Briefly, NAc tissue 

was removed for crosslinking with the BS3 reagent (Pierce, Waltham, MA). Crosslinked and 

non-crosslinked protein samples were processed with immunoblotting to determine GLUA1 

membrane and intracellular protein levels. Details are provided in supplementary methods.

Viral gene transfer and stereotaxic surgery

Stereotaxic surgery was performed as previously described (32). Purified high titer AAV9 

encoding GluA1 driven by the human synapsin promoter or AAV9-hsyn-GFP (0.5µL) (33) 

was bilaterally injected into the NAc. GluA1 overexpression was confirmed by real-time RT-

PCR from infected NAc tissue as described in the supplement. Mice recovered for 3 weeks 

allowing for full viral expression. Viral placements were verified using 

immunohistochemical methods as described in the supplement. Use of AAV-Clock-shRNA 

virus has been previously reported (34). Injections were made in 5–6wk old animals.

Animal behavior

Animals habituated to testing rooms for at least 30 minutes. Testing occurred early in the 

light phase (ZT0-ZT4) or dark phase (ZT12–16). Assay details are provided in the 

supplementary methods.

Data analysis

Electrophysiological, biochemical and behavioral experiments were conducted blind to 

genotype. Significant differences were determined by Student’s t-Test, one-way-or two-way 
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ANOVA followed by Bonferroni post hoc tests. P<0.05 is considered significant for all 

analyses. All data are presented as mean ± SEM.

Results

ClockΔ19 mice have reduced AMPAR-mediated synaptic transmission and strength at NAc 
MSNs

We observed a significant reduction in glutamatergic synaptic transmission in Clock mutant 

MSNs compared with WT across the L/D cycle as indicated by reduced amplitude of 

AMPAR-mediated miniature excitatory postsynaptic currents (mEPSCs) (F(1,76)=16.43, 

P=0.0001 genotype effect). A significant effect of phase in mEPSC amplitude was found as 

well suggesting that perhaps this particular measure has diurnal variability (F(1,76)=6.615, 

P=0.0121 phase effect) (fig.1c). Studies have shown that signaling in core and shell sub-

regions of the NAc can mediate affective valence and motivational behavior in a distinct 

manner (35; 36). However, when we further analyzed mEPSC amplitude in NAc core versus 

shell neurons, no significant difference was observed during the light (F(1,37)=9.205, 

P=0.0044 genotype effect; F(1,37)=0.0001, P=0.9910 region effect) or dark phase 

(F(1,34)=6.715, P=0.0140 genotype effect; F(1,34)=0.0491, P=0.8259 sub-region effect) (fig. 

S2a–b). When calculating AMPAR/NMDAR ratio of evoked EPSCs, a measure of excitatory 

synaptic strength, we detected a significant reduction in A/N of MSNs in ClockΔ19 mutants 

(∼30% decrease in AMPAR EPSC amplitude and minimal change in NMDAR current), 

particularly within the light phase (F(1,44)=11.53, P=0.0015 genotype effect; F(1,44)=0.1237, 

P=0.7267 phase effect) (fig.1f) and no change in the decay kinetics of the NMDA current 

indicating that subunit stoichiometry of these receptors was not altered in mutants 

(F(1,39)=0.1936, P=0.6624 genotype effect; F(1,39)=2.013, P=0.1639 phase effect) (fig.S3b). 

Additionally, we failed to observe an effect of genotype or phase on the CV analysis of 

NMDAR EPSCs relative to AMPAR EPSCs, a measure directly correlated with the 

proportion of silent synapses, which lack functional AMPARs (F(1,29)=0.0944, P=0.7609 

genotype effect; F(1,29)=0.4760, P=0.4957 phase effect) (fig.S3d). This result indicates that 

the reduced functionality of AMPAR-mediated activity at mutant MSNs likely does not 

occur through a complete silencing of synapses.

Presynaptic release of glutamate onto NAc MSNs is unaltered in Clock mutants

We further analyzed the frequency of mEPSCs as a measure of quantal release probability of 

glutamate at MSNs in mutant and WT slices. Here, we found no significant difference 

between groups or by diurnal phase (F(1,72)=0.06752, P=0.7957 genotype effect; 

F(1, 72)=0.04288, P=0.8365) (fig.2a). Another standard measure of transmitter release 

probability at excitatory synapses is the paired pulse ratio (PPR) comprised of the peak 

amplitude of the 2nd of a series of evoked EPSCs to the 1st. The PPR is inversely related to 

release probability. We determined the PPR at three different inter-pulse intervals and 

observed no significant difference between mutant and WT groups during either diurnal 

phase (F(3, 25)=0.1803, P=0.9088 genotype effect; F(3, 25)=9.531, P=0.0003 interval effect) 

(fig.2d). Together these results suggest that synapse number or presynaptic release of 

glutamate onto MSNs remain unchanged with Clock gene disruption and wildtype animals 

do not show diurnal variability in these measures.
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Membrane levels and rhythm of GLUA1 protein are reduced in the NAc of ClockΔ19 mice

In order to investigate the molecular basis for the diminished excitatory drive seen in Clock 
mutant NAc, we measured the diurnal protein expression of the AMPAR subunit, GLUA1. 

Previously, we have shown reduced total and phosphorylated protein levels of this particular 

subunit in mutant NAc during the day (28) suggesting a potential deficiency in the 

translation or trafficking of AMPARs that may underlie microcircuit-level and physiological 

dysfunction. Here we used BS3 crosslinking to isolate membrane-bound and intracellular 

fractions of GLUA1. The inherent smearing of crosslinking to detect multi-protein 

complexes made it difficult to resolve a clear multimer band and we therefore quantified the 

reduction of the monomer to determine the amount of surface expressed GLUA1. We found 

a significant reduction in the surface/intracellular (S/I) ratio of GLUA1 normalized to 

GAPDH at ZT6 and ZT18 in mutant NAc which overlapped with our recording times 

(F(1, 20)=17.67, P=0.0004 genotype effect; F(1, 20)=0.8999, P=0.3541 phase effect) (fig.3). 

These results suggest that reduction in CLOCK protein function may affect the ability of 

GLUA1-containing AMPARs to be inserted into the membrane for proper excitatory 

signaling and this deficit appears across time of day. Furthermore, we tested for a rhythm in 

GLUA1 total protein and S/I ratio in WT and mutant NAc. Using multiple harmonic 

regression, we detected a significant diurnal rhythm in WT GLUA1, with a bimodal pattern 

peaking at the midpoints of the light and dark cycles (P<0.0001). A similar rhythm was also 

detected in the S/I ratio in WT NAc (P<0.001). In mutant accumbens however, we were 

unable to fit the total and surface GLUA1 data indicating a lack of significant rhythm (fig.

4a–b). Additionally, when we analyzed whether Clock mutants have a shift in the expression 

pattern of GLUA1, we found that indeed the acrophase, or estimation of circadian phase 

corresponding to the peak of the rhythm, was significantly advanced in mutants for both the 

total protein and S/I ratio (P<0.05) (fig.4c). We therefore conclude that a biochemical basis 

contributing to excitatory drive onto MSNs is profoundly affected by a lack of proper 

CLOCK protein function.

Clock mutant MSNs display subtle alterations in intrinsic membrane properties

The functional output of MSNs depends upon the integration of synaptic inputs and the 

inherent membrane excitability. In order to assess the effects of the ClockΔ19 mutation on 

MSN functional output, we first measured the evoked firing rate of MSNs in response to 

increasing current injection. While we did not observe a significant difference in spiking 

between genotypes, interestingly, we saw a robust difference in excitability by phase with a 

highly increased firing rate during the dark cycle (fig.5b). When collapsing across genotype 

we detected significant differences by phase and current injection (F(3, 39)=48.87, P<0.0001 

phase effect; F(6, 234)=699.8, P<0.0001 current effect) (fig.5b). Relatively few ex vivo 
studies have measured diurnal neuronal activity in extra-SCN regions; therefore, the variable 

intrinsic excitability profile of NAc MSNs is noteworthy. A number of potential mechanisms 

could underlie this, including Clock-regulated fluctuations in the activity of potassium 

conductances responsible for MSN bi-stable excitability (37–39). We further analyzed active 

and passive intrinsic membrane properties of mutant and WT MSNs across the light/dark 

cycle, including the resting membrane potential (RMP), the rheobase or minimum current 

needed for action potential (AP) generation, the AP threshold and input resistance (Ri) at 

−50pA (summarized in Table 1). We observed a significantly lower RMP of Clock mutant 
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MSNs compared with WT during both phases, suggesting that mutant MSNs may rest at a 

more hyperpolarized membrane potential at baseline and require greater stimulation to enter 

the “up-state”. We did not find a significant difference in the rheobase during either phase. 

AP threshold was similar during the light phase, however was lower in mutant MSNs in the 

dark. Lastly, Ri did not differ significantly by genotype in either phase, however was higher 

during the dark phase in both groups, which may account in part for the increased firing rate. 

Overall, we find that a reduction in CLOCK protein function does not affect the intrinsic 

membrane excitability of MSNs, however a lowered resting membrane potential may 

indicate a more subtle effect on excitability.

Overexpression of GluA1 in the NAc normalizes “manic-like” behavior in ClockΔ19 mice

Finally, we sought to determine whether up-regulation of functional GluA1 expression in 

ClockΔ19 NAc could rescue their abnormal exploratory drive and reward sensitivity. We 

have reported previously that Clock mutants display mood cycling with manic-like behavior 

during the day and euthymic behavior at night (40). Here we injected AAV9-hsyn-GluA1 or 

AAV9-hsyn-GFP bilaterally into the accumbens of adult male mutant and WT mice. 

Neuronal expression was confirmed with NeuN staining (fig.S4). Our manipulation resulted 

in a significant increase in GluA1 mRNA (t(7)=2.664, P=0.0323) (fig.6a–c) and a 

potentiation of excitatory synapses in mutant (t(12)=3.608, P=0.0036) (fig.S5a–b) and WT 

MSNs (t(11)=3.429, P=0.0056) (fig.S5c–d). In the light phase, similar to lithium treatment, 

(16) overexpression of GluA1 in Clock mutants did not alter the failure to habituate to a 

novel environment that was seen in GFP-expressing mutant mice. As expected, WT control 

groups showed faster locomotor habituation in this assay (F(17, 816)=83.17, P<0.0001 time 

effect; F(3, 48)=3.522, P<0.0218 genotype effect) (fig.6d). In a measure of exploratory drive 

behavior, total time spent in the open arms of the elevated plus maze (EPM) was decreased 

to near WT levels with GluA1 up-regulation in mutant NAc (F(1, 54)=1.498, P=0.2262 

treatment effect; F(1, 54)=7.989, P=0.0066 interaction; Bonferroni’s test: **P<0.01, 

***P<0.001) (fig.6e). As expected, GFP expressing mutant mice displayed increased open 

arm time compared with WT (F(1, 54)=8.057, P=0.0064 genotype effect) (fig.6e). 

Comparable to previous studies, mutant mice expressing GFP had a significantly higher 

proportion of open arm entries (normalized to total crosses) compared with WT GFP-

expressing mice (F(1, 54)=6.427, P=0.0142 genotype effect) and similar to lithium treatment, 

several weeks of NAc-specific GluA1 overexpression in mutants resulted in a significant 

reduction in open arm entries compared with GFP expression (F(1, 54)=0.9928, P=0.3235 

treatment effect; F(1, 54)=6.009, P=0.0175 interaction; Bonferroni’s test: *P<0.05, 

***P<0.001) (fig.6f). To determine whether GLUA1-mediated signaling is important for the 

effects of Clock gene disruption on behavioral measures associated with cocaine reward 

sensitivity, we performed cocaine conditioned place preference (CPP). Using a dose of 

5mg/kg cocaine, which has been shown to increase preference in Clock mutant mice 

compared with WT littermates (17), we found a reliably elevated CPP score in GFP-

expressing mutants compared with WT (F(1, 53)=2.514, P=0.1188 genotype effect; 

F(1, 53)=1.817, P=0.1834 treatment effect; F(1, 53)=22.78, P<0.0001 interaction; Bonferroni’s 

test: *P<0.05, ***P<0.001) (fig.6g). GluA1 overexpression in Clock mutants was able to 

normalize CPP to WT levels. Unexpectedly, we also observed a marked increase in place 

preference in WT mice with GluA1 up-regulation. During the dark phase, in contrast, GluA1 
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overexpression did not alter locomotor activity (F(17, 648)=17.82, P<0.0001 time effect; 

F(3, 648)=100.7, P<0.0001 genotype effect) (fig.S6a), EPM open arm time (F(1, 35)=3.335, 

P=0.0764 genotype effect; F(1, 35)=0.6103, P=0.4399 treatment effect; F(1, 35)=0.8201, 

P=0.3714 interaction) (fig.S6b), or open arm entries (F(1, 35)=4.712, P=0.0368 genotype 

effect; F(1, 35)=0.7050, P=0.4068 treatment effect; F(1,35)=0.7643, P=0.3880 interaction) 

(fig6c). These results are in keeping with the previously reported euthymic behavior of 

mutants during this phase (40). When we examined the effect of overexpression on cocaine 

CPP, we also found no significant effects of viral expression (F(1,36)=3.591, P=0.0662 

genotype effect; F(1,36)=0.4940, P=0.4867 treatment effect; F(1, 36)=1.225, P=0.2757 

interaction) (fig.S6d). This is the first examination of cocaine preference in mutant and WT 

animals during the active phase and interestingly, the CPP score of GFP-expressing WT 

animals is elevated compared with the inactive phase. We have previously described a 

rhythm in the expression of tyrosine hydroxylase in WT animals with a peak during the dark 

cycle (40). This could underlie the diurnal variance in reward response.

Discussion

The current study demonstrates that CLOCK disruption produces significantly reduced 

excitatory drive onto accumbal medium spiny neurons. We found that both the amplitude of 

mutant AMPAR-mediated spontaneous currents as well as the AMPAR/NMDAR ratio of 

evoked currents was decreased and this does not appear to occur through silent synapse 

generation. Furthermore, these adaptations are likely postsynaptic as presynaptic release 

probability remained unchanged. Additionally, Clock mutation dampened a normal bimodal 

rhythm in GLUA1 protein expression and advanced the acrophase. In a previous study we 

reported a significant decrease in both total and phosphorylated GLUA1 protein levels in 

mutant NAc during the day with no changes in GLUA2, GLUN1, GLUN2A or GLUN2B 

subunit expression (28). These results suggested a potential deficit in the translation or 

trafficking of GLUA1-containing AMPARs to NAc synapses. Here we demonstrate that 

indeed, membrane-bound GLUA1 levels are lowered with Clock mutation across light and 

dark phases. Therefore, functional impairments in glutamatergic transmission and strength 

of mutant MSNs may result from reduced synaptic GLUA1-containing AMPARs. Increased 

activity of VTA dopamine neurons and elevated extracellular dopamine levels are likely an 

indirect cause for these abnormalities in ClockΔ19 MSNs. The modulatory function of 

dopamine on NAc glutamatergic activity is characterized in studies in which drugs of abuse 

act to elevate dopamine levels. Chronic cocaine administration, for instance, leads to an up-

regulation of surface-expressed GLUA1 (41–43). Importantly, chronic-cocaine induced 

plastic changes are not recapitulated in this model of hyperdopaminergia, implying that the 

observed effects are likely a compensatory response to a state of continually elevated 

dopaminergic activity. Additionally, the manner in which cocaine and dopamine influence 

synaptic and intrinsic properties of MSNs through differential signaling mechanisms has 

been empirically and theoretically examined (44; 45). Modulatory effects of dopamine on 

MSNs are thought to differ based upon the specific dopamine receptor expression. One 

limitation of our study is the inability to determine the cellular identity of MSNs in Clock 
mutant slices. We have previously reported an imbalance in D1R and D2R–mediated 

signaling in the striatum of mutants whereby there is a shift towards increased expression 
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and binding activity of D2Rs (21). Therefore, it is possible that these changes are 

predominant within particular pathways (i.e. “direct” versus “indirect”). When we 

investigated the intrinsic excitability of mutant and WT MSNs we observed similar firing 

however MSN excitability was significantly elevated during the dark phase. Rhythmicity in a 

number of ionic mechanisms could underlie this interesting effect. For instance, diurnal 

variations in resting membrane potential, calcium currents, potassium conductances and in 
vitro firing patterns have been reported in midline thalamic neurons. Activity of these 

neurons is also elevated during the dark phase (46).

As a critical site for integration of limbic and sensorimotor information, the accumbens is 

important for maintaining proper mood and reward responses. ClockΔ19 mice display 

heightened exploratory behavior and robustly elevated sensitivity to a variety of rewarding 

substances. While ClockΔ19 mice also show reduced sensorimotor gating similar to BD 

manic patients, the pattern of locomotor activity during exploration is not replicated, 

suggesting that, as with all animal models, limitations exist (20). However, similar to BD 

patients, Clock mutant mice also show precipitations in manic-like episodes when their sleep 

cycle is disrupted (during the light) (47–49), mirroring what occurs in human subjects, thus 

they can help elucidate the biological mechanisms that lead to manic behavior induced by 

sleep/wake cycle disruption. Furthermore, restoration of functional CLOCK in the VTA and 

treatment with dopamine depleting pharmacological agents are able to normalize many 

aspects of the mutant manic-like phenotype (16; 40). Disruption of glutamate receptor 

expression in the striatum has also been linked with neuropsychiatric illness and increased 

dopaminergic transmission. Wiedholz and colleagues characterized a number of 

schizophrenia-relevant impairments in GluA1 knock-out mice including hyperactivity and 

reduced striatal clearance of extracellular dopamine (50). Other preclinical models 

characterized by glutamatergic dysfunction have been likened to features of BD including 

GluN2A deletion and GluR6 subunit knock-out (51; 52). Here, we have demonstrated that 

restoring functional expression of GLUA1-containing AMPARs to the accumbens is 

sufficient to normalize exploratory behavior in Clock mutants. Future studies may determine 

whether GLUA1 overexpression normalizes mutant accumbal phase signaling deficits as 

well. Up-regulation of GLUA1 in the NAc also reduced cocaine place preference in mutants. 

Interestingly, we observed robust increase in preference in WT animals in which GLUA1 

was overexpressed. This was surprising given that Bachtell and colleagues have 

demonstrated decreased sensitization and cocaine seeking (extinction and reinstatement) 

following overexpression of GluA1 in the NAc in rats (53). However, the specific mode of 

up-regulation in these studies varied from our own, in which long-term overexpression may 

have altered accumbal network activity in a more pronounced manner. Additionally, while 

the level of synaptic potentiation induced by our viral overexpression was similar in WT and 

mutant MSNs, the difference in CPP could depend upon the type of AMPARs inserted 

(calcium permeable or impermeable).

Interestingly, the physiological, behavioral and biochemical changes that we describe in 

Clock mutants are unlikely due to direct transcriptional mechanisms in the accumbens but 

rather may be tied to dysfunctional circuit dynamics. We have previously reported that a 

viral-mediated knock-down of CLOCK in the NAc does not alter cocaine CPP (32) and we 

find here that it does not affect the amplitude and frequency of MSN mEPSCs 
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(F(2, 53)=4.545, P=0.0151 treatment effect) (fig.S7). While the amplitude of mEPSCs, 

GLUA1 expression and RMP are consistently decreased in mutants across the L/D cycle, the 

AMPAR/NMDAR ratio is only altered during the light and GluA1 overexpression only 

normalizes behavior in the animals’ inactive phase when it is significantly disrupted 

compared to WT. Collectively, these results support a hypothesis whereby diminished 

CLOCK function increases dopaminergic activity and tone, altering excitatory drive onto 

MSNs. This may reduce the functional output of the accumbens in feedback dynamics onto 

the VTA or disinhibit other target regions leading to the elevation of mood, exploratory drive 

and reward-seeking behavior, however this would have to be directly investigated in future 

studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ClockΔ19 mutation modifies MSN AMPAR-mediated synaptic transmission and strength. 

(A) Recording sites within the NAc from slices collected during light and dark phases (WT 

– black; ClockΔ19 – red; ZT = Zeitgeber time; CPu = caudate putamen; NAcc = NAc core; 

NAcSh = NAc shell). (B) Representative traces of mEPSCs recorded at −70mV in the 

presence of 1uM TTX. (C) Summary of mEPSC amplitude of mutant and WT MSNs at both 

phases (n = cells/animals; all data in bar graphs are presented as mean ± SEM). (D) Plot of 

cumulative probability of all mEPSC amplitudes across phases. (E) Representative traces of 

evoked AMPAR and NMDAR-mediated EPSCs at 40mV. (F) Ratio of the peak amplitude of 
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the AMPAR EPSC to the NMDAR EPSC for each group of MSNs. *P < 0.05; **P < 0.01; 

***P < 0.001 in this and all subsequent figures.
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Figure 2. 
ClockΔ19 mutation does not alter the presynaptic function of NAc MSNs. (A) Frequency of 

AMPAR mEPSCs recorded from mutant and WT MSNs at light and dark phases. (B) 

Cumulative probability of inter-event intervals (IEI) of all recorded mEPSCs. (C) Sample 

traces of pairs of evoked AMPAR EPSCs at −70mV at varying inter-stimulus intervals. (D) 

Paired-pulse ratio (PPR) calculated as peak amplitude of the second EPSC to the first plotted 

across inter-stimulus interval.
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Figure 3. 
The surface/intracellular ratio of GLUA1 expression is significantly reduced in ClockΔ19 

NAc during the light (ZT6) and dark (ZT18) phases. Crosslinked and non-crosslinked NAc 

tissue from mutant and WT animals allowed for the quantification of total and intracellular 

protein levels of GLUA1. Surface protein levels were inferred by the subtraction of 

intracellular protein from total protein. ClockΔ19 mice have significantly reduced S/I ratio 

of GLUA1 compared with WT littermates at ZT6 and ZT18. Representative bands are 

shown below. Band intensity was normalized to GAPDH and presented as arbitrary units (n 
= 5–7 mice for all groups).
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Figure 4. 
A diurnal rhythm in GLUA1 expression in WT mice is abolished in Clock mutants. (A) The 

diurnal rhythm of total protein levels of GLUA1 across 6 time points, normalized to 

GAPDH expression in mutant and WT NAc tissue. A significant curve fit was found in WT 

but not in mutant data (bars below represent light and dark phases). (B) Rhythmic profile of 

the GLUA1 S/I ratio in WT and mutant across the light/dark cycle showing a loss of 

significant rhythm in mutant NAc. (C) Acrophase of diurnal expression rhythms of total 

GLUA1 and S/I ratio in mutant and WT accumbens. Acrophase measures were derived from 

the center of gravity of the fitted harmonic curves (+SEM; n = 5–9 mice for all groups).
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Figure 5. 
Excitability of MSNs is unaltered by ClockΔ19 mutation however diurnal variation exists in 

evoked firing rates of NAc MSNs. (A) Representative traces of action potential firing in 

response to current injection from mutant and WT MSNs during the light and dark phases. 

(B) Input-output curve of spikes with varying current steps during both phases in both 

groups.
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Figure 6. 
Functional up-regulation of GluA1 in the NAc of ClockΔ19 mice normalizes exploratory 

drive behavior and conditioned reward sensitivity during the light phase. (A) Timeline of 

experimental procedures testing the effect of AAV9-hsyn-GluA1 or AAV9-hsyn-GFP 

expression on behavior in mutant and WT mice (S – saline; C – cocaine) (B) Representative 

image of GFP viral expression localized to the NAc. (C) Accumbal GluA1 transcript levels 

following viral overexpression compared with GFP expression. (D) Locomotor activity in a 

novel environment of mutant and WT animals. (E) Total time spent in the open arms of the 

EPM during 10 min of testing. (F) Percent open arm entries in the EPM normalized to total 
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crosses. (G) Cocaine CPP scores of all experimental groups following a biased conditioning 

paradigm. LV- lateral ventricle; AC – anterior commissure; NAcc – nucleus accumbens core; 

NAcSh – nucleus accumbens shell.
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Table 1

Intrinsic membrane properties of Clock mutant and WT MSNs during light and dark phases. Additional 

properties of membrane excitability of MSNs were examined in ClockΔ19 and WT cells including resting 

membrane potential at break-in, (RMP), rheobase, action potential (AP) threshold and input resistance (Ri).

Light phase MSN membrane properties

Genotype Wildtype Clock mutant p-value

Number of cells n = 14/6 n = 15/4

Break-in RMP (mV) −80.50 ± 1.92 −85.33 ± 1.09 0.0352*

Rheobase (pA) 185.7 ± 15.22 176.7 ± 10.76 0.62760

AP threshold (mV) −32.83 ± 2.53 −35.35 ± 1.29 0.37940

Input resistance (MΩ) 166.6 ± 12.39 204.6 ± 14.37 0.06320

Dark phase MSN membrane properties

Number of cells n = 7/5 n = 9/4

Break-in RMP (mV) −83.71 ± 1.55 −88.11 ± 0.73 0.0155*

Rheobase (pA) 137.5 ± 18.30 127.8 ± 8.78 0.62640

AP threshold (mV) −34.80 ± 3.24 −42.29 ± 1.36 0.0358*

Input resistance (MΩ) 183.5 ± 26.39 225.7 ± 27.29 0.29040
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