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Abstract ���

The circadian transcription factor neuronal PAS domain 2 (NPAS2) is linked to ���

psychiatric disorders associated with altered reward sensitivity. The expression of Npas2 is ���

preferentially enriched in the mammalian forebrain, including the nucleus accumbens (NAc), a ���

major neural substrate of motivated and reward behavior. Previously, we demonstrated that �	�

down-regulation of NPAS2 in the NAc reduces the conditioned behavioral response to cocaine �
�

in mice. We also showed that Npas2 is preferentially enriched in dopamine receptor 1 ���

containing medium spiny neurons (D1R-MSNs) of the striatum. To extend these studies, we ���

investigated the impact of NPAS2 disruption on accumbal excitatory synaptic transmission and ���

strength, along with the behavioral sensitivity to cocaine reward in a cell-type specific manner. ���

Viral-mediated knockdown of Npas2 in the NAc of male and female C57BL/6J mice increased ���

the excitatory drive onto MSNs. Using Drd1a-tdTomato mice in combination with viral ���

knockdown, we determined these synaptic adaptations were specific to D1R-MSNs relative to ���

non-D1R-MSNs. Interestingly, NAc-specific knockdown of Npas2 blocked cocaine-induced ���

enhancement of synaptic strength and glutamatergic transmission specifically onto D1R-MSNs. �	�

Lastly, we designed, validated, and employed a novel Cre-inducible short-hairpin RNA virus for �
�

MSN-subtype specific knockdown of Npas2. Cell-type specific Npas2 knockdown in D1R-MSNs, ���

but not D2R-MSNs, in the NAc reduced cocaine conditioned place preference. Together, our ���

results demonstrate that NPAS2 regulates excitatory synapses of D1R-MSNs in the NAc and ���

cocaine reward-related behavior. ���

 ���

Significance Statement ���

Drug addiction is a widespread public health concern often comorbid with other ���

psychiatric disorders. Disruptions of the circadian clock can predispose or exacerbate ���

substance abuse in vulnerable individuals. We demonstrate a role for the core circadian protein, �	�

NPAS2, in mediating glutamatergic neurotransmission at medium spiny neurons (MSNs) in the �
�



�

� ��

nucleus accumbens (NAc), a region critical for reward processing. We find that NPAS2 ���

negatively regulates functional excitatory synaptic plasticity in the NAc and is necessary for 	��

cocaine-induced plastic changes in MSNs expressing the dopamine 1 receptor (D1R).  We 	��

further demonstrate disruption of NPAS2 in D1R-MSNs produces augmented cocaine 	��

preference. These findings highlight the significance of cell-type specificity in mechanisms 	��

underlying reward regulation by NPAS2 and extend our knowledge of its function.  	��

 	��

Introduction 	��

Circadian rhythm disturbances are linked to the development and progression of 		�

neuropsychiatric illnesses, including substance use disorders  (Logan et al., 2014). 	
�

Perturbations of the circadian system may contribute to the vulnerability for substance use  	��

(DePoy et al., 2017; Logan, 2017). Moreover, human genetic studies associate circadian gene 
��

variants and polymorphisms with mood and addiction disorders  (McCarthy and Welsh, 2012; 
��

Shumay et al., 2012).  
��

Cellular and molecular rhythms are maintained by a series of transcriptional—
��

translational feedback loops controlling tissue and cell-type specific gene expression and 
��

functions  (Koike et al., 2012; Partch et al., 2014). Rhythmic gene transcription is driven by the 
��

heterodimerization between brain and muscle Arnt-like protein-1 (BMAL1) and either circadian 
��

locomotor output cycles kaput (CLOCK) or the paralog, NPAS2  (Gekakis et al., 1998; Reick et 
	�

al., 2001; Dioum et al., 2002). These bHLH-PAS domain circadian transcription factors share 

�

similar amino acid sequences and transcriptional action within the molecular clock  (Hogenesch 
��

et al., 1997; Reick et al., 2001). When CLOCK is absent, NPAS2 is capable of compensating to ���

maintain functional molecular rhythms in the brain and peripheral oscillators  (DeBruyne et al., ���

2007; Landgraf et al., 2016). However, the expression of these transcription factors varies within ���

the brain. While CLOCK seems to be ubiquitously expressed, NPAS2 is enriched in the ���

mammalian forebrain, particularly the nucleus accumbens (NAc)  (Garcia et al., 2000), a region ���
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that functions as a limbic-motor interface for processing salience and regulating mood and ���

reward  (Lobo and Nestler, 2011; Russo and Nestler, 2013).  These patterns of expression may ���

account for differential roles of these proteins in behavior. Indeed, NPAS2 is important for mice �	�

to adaptively entrain to restricted feeding schedules and for maintaining feeding conditions  �
�

(Dudley et al., 2003; Wu et al., 2010). NPAS2-deficient mice also exhibit deficits in the ���

acquisition of cued and contextual fear memory  (Garcia et al., 2000).  Previous studies from our ����

lab have uncovered opposing roles of CLOCK and NPAS2 in mediating drug reward sensitivity. ����

Clock mutant mice display an elevated behavioral response to cocaine measured by increased ����

conditioned place preference (CPP), while NPAS2-deficient mice show decreased preference ����

across similar doses  (McClung et al., 2005; Ozburn et al., 2015). Furthermore, viral-mediated ����

knockdown of Npas2 exclusively within the accumbens reduces cocaine CPP, further ����

highlighting its importance in this limbic region  (Ozburn et al., 2015).  Interestingly, knockdown ����

of Clock in the NAc has no effect on locomotor activity, exploratory drive, cocaine CPP or ��	�

glutamatergic transmission at NAc medium spiny neurons (MSNs)  (Ozburn et al., 2015; Parekh ��
�

et al., 2017). These studies serve to underscore the relevance of region-specific differences in ����

the functions of circadian proteins. They also highlight a unique role for accumbal NPAS2 in ����

regulating reward-related behavior.  ����

Drugs of abuse, like cocaine, increase mesolimbic dopaminergic signaling, which can ����

remodel NAc excitatory synapses  (Luscher and Malenka, 2011). A majority of the NAc (~95%) ����

is composed of GABAergic MSNs, which receive glutamatergic input from several regions, ����

including the prefrontal cortex, amygdala, and ventral hippocampus, and dopaminergic input ����

from the ventral tegmental area  (Groenewegen et al., 1999; Bertran-Gonzalez et al., 2008; ����

Smith et al., 2013). MSNs primarily express either dopamine 1 or 2 receptors (D1R or D2R)  (Lu ��	�

et al., 1998; Bertran-Gonzalez et al., 2008). Their projection pathways further define these ��
�

subpopulations with activation of D1R-MSNs generally promoting goal-directed behavior, ����

whereas activation of D2R-MSNs, generally inhibiting such behavior, although more recently ����
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functionality of these roles has been challenged  (Smith et al., 2013; Kupchik et al., 2015). We ����

previously demonstrated that Npas2 is enriched in D1R-MSNs of the striatum  (Ozburn et al., ����

2015). Here, we further define how NPAS2 affects excitatory synaptic transmission in the NAc. ����

We also demonstrate Npas2 disruption alters excitatory drive primarily onto D1R-MSNs, both in ����

naïve and cocaine exposed animals as well as the behavioral effect of cell-type specific ����

knockdown of Npas2 on cocaine reward sensitivity.  ����

 ��	�

Materials and Methods  ��
�

Animals. Male and female C57BL/6J (http://jaxmice.jax.org/strain/013636.html) and Drd1a-����

tdTomato (https://www.jax.org/strain/016204) mice (7-9wks) were used for viral-mediated gene ����

knockdown and electrophysiological experiments. Adult (8-12 weeks) male Drd1a::Cre ����

(http://jaxmice.jax.org/strain/024860) and Drd2::Cre mice maintained on the C57BL/6J ����

background were used for cell-type specific viral-mediated gene knockdown, cocaine ����

administration (20mg/kg, i.p., daily for 7 days), and cocaine CPP experiments. Mice were ����

maintained on a 12:12h light/dark cycle (ZT0, lights on 7:00AM; ZT12, lights off 7:00PM). 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. ��
�

 ����

Viral-mediated gene transfer and stereotaxic surgery. Stereotaxic surgery was performed as ����

previously described (Ozburn et al, 2017). Bilateral stereotaxic injections of 1�L of purified high ����

titer adeno-associated virus (AAV2) containing shRNA for Npas2 or a scrambled sequence for ����

controls tagged to GFP reporter were delivered into the NAc. Mice recovered for 3-4 weeks ����

allowing for full viral expression prior to electrophysiological recording. A similar procedure was ����

used to inject AAV2/2.H1lox.mCherry-Npas2-(or Scramble)-shRNA or AAV2-scramble virus for ����

cocaine CPP experiments. Following behavioral testing, the placement of viral injections was ����
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verified histologically. Mice were perfused with ice-cold 1x phosphate-buffered saline (PBS) ��	�

followed by 4% paraformaldehyde in PBS (PFA) (pH 7.4). Brains were post-fixed in PFA for 24 ��
�

hours then transferred to a 30% sucrose solution. 30�m-thick tissue sections were used for ����

visualizing localization of GFP, tdTomato and mCherry signal. Sections were imaged at 4x ����

magnification using an Olympus epifluorescence microscope.  ����

 ����

Generation and validation of Cre-inducible shRNA and scramble viruses. ����

AAV2/2.H1lox.mCherry-Npas2-shRNA virus was used for Cre-inducible shRNA expression for ����

cell-type specific knockdown of Npas2. These viruses were developed using a modified ����

construct with an H1 pol.III promoter driving a loxP flanked STOP cassette and stuffer DNA ����

preventing transcription of NPAS2 shRNA or a scrambled, non-functional sequence. The viral ��	�

vector backbone was generously shared by Drs. Scott Russo and Michael Kaplitt. ��
�

Recombination of the loxP elements in transgenic animals expressing Cre-recombinase allows ����

for the removal of the stuffer DNA and the transcription of the shRNA sequence to achieve ����

knockdown. The virus also contains a non-inducible mCherry reporter. The efficacy and ����

specificity of the virus were validated using RNAscope Fluorescent Multiplex in situ hybridization ����

(Advanced Cell Diagnostics). AAV2/2.H1lox.mCherry-Npas2-(or Scramble)-shRNA was injected ����

into the NAc of Drd1a-Cre and Drd2-Cre mice, followed by 3 weeks of recovery to allow ����

maximal viral expression.  ����

Brains were sectioned via cryostat at 14µm and RNAscope in situ hybridization was then ����

performed according to manufacturer’s instructions to determine colocalization between Cre and ��	�

mCherry in the NAc (Figure 4C). Sections were imaged at 10x and 60x magnification using an ��
�

Olympus FluoView FV1200 IX83 confocal microscope. Knockdown of Npas2 by shRNA was ����

confirmed from NAc tissue by quantitative real-time PCR. RNA extraction and cDNA synthesis �	��

were performed as described previously  (Ozburn et al., 2015). Primers included: Npas2 �	��

(Forward, 5’ GACACTGGAGTCCAGACGCAA and Reverse, 5e �	��
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AATGTATACAGGGTGCGCCAAA) and 18S (Forward, 5’ ACCGCAGCTAGGAATAATGGA and �	��

Reverse, 5T GCCTCAGTTCCGAAAACCA). Reactions were run in duplicate in an Applied �	��

Biosystems 7900HT Fast Real-time PCR System (Applied Biosystems, Foster City, CA). �	��

Relative gene expression was calculated using the comparative Ct (2^��Ct) method and �	��

normalized to each sample’s corresponding 18S mRNA levels.  �		�

 �	
�

NAc slice preparation. Mice were anesthetized rapidly with isoflurane and decapitated. Brains �	��

were removed into ice-cold oxygenated (95% O2/5% CO2) modified artificial cerebral spinal fluid �
��

(aCSF) containing (in mM): 135 N-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 (200�m) 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 at room �
��

temperature until recording then perfused with aCSF (30-32�C).  �
��

 �
	�

Whole-cell patch clamp recordings. Recordings were conducted during the light phase. Slices �

�

were viewed by differential interference contrast (DIC) optics (Leica, Wetzlar, Germany) and �
��

accumbal regions were localized under low magnification. Recordings were made from NAc ����

core and shell MSNs under visual guidance with a 40x objective. GFP and tdTomato expressing ����

cells were visualized using filters for 488nm and 546nm light respectively. Borosilicate glass ����

pipettes (3-5M�) were filled with (in mM): 117 Cs-MeSO3, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 ����

TEA-Cl, 2.5 Mg-ATP, 0.25 Na-GTP, 5 QX-314; pH 7.3 adjusted with CsOH. For miniature EPSC ����

(mEPSC) intracellular solution contained (in mM): 119 K-MeSO4, 2 KCl, 1 MgCl2, 1 EGTA, 0.1 ����

CaCl2, 10 HEPES, 2 Mg-ATP, 0.4 Na-GTP; pH 7.3 adjusted with KOH. Cells were voltage ����

clamped at -70mV. A constant-current isolated stimulator (DS3; Digitimer) was used to stimulate ��	�
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excitatory afferents with a monopolar electrode to record evoked currents (EPSCs). Picrotoxin ��
�

(50�M, Sigma Aldrich) was included in the external perfusion aCSF to block gamma-����

Aminobutyric acid receptors. TTX (1�M, Tocris, Bristol, UK) was used for mEPSC recordings to ����

block action potential generation. For EPSC experiments, D-APV (50�M, R&D Systems, ����

Minneapolis, MN) was bath applied to block NMDARs at 40mV. In some experiments, D-APV ����

was not applied and the peak amplitude of AMPAR current was measured at -70mV and the ����

NMDAR EPSC peak amplitude taken at 40mV, 35ms from the AMPAR EPSC peak. Series ����

resistance for all recordings was monitored continuously. Cells with a change in series ����

resistance beyond 20% were excluded from data analysis, as were electrophysiologically ����

identified interneurons. Synaptic currents were recorded with a MultiClamp 700A amplifier ��	�

(Molecular Devices, Sunnyvale, CA). Signals were filtered at 2.6-3 kHz and amplified 10 times, ��
�

then digitized at 20 kHz with a Digidata 1322A analog-to-digital converter (Molecular Devices). ����

Miniature current recordings were analyzed using pClamp10 software (Molecular Devices) over ����

a period of approximately 2.5 min during which 250-2500 events were collected.  ����

 ����

Cocaine conditioned reward.  Cocaine CPP was assessed using a biased conditioning protocol ����

during the light phase (ZT4-6). On the pre-test day, mice were allowed to freely explore the ����

apparatus for 20 minutes to determine inherent bias. On conditioning days 1 and 3, mice were ����

injected with saline (i.p.) and paired with the preferred chamber of the apparatus, and on days 2 ����

and 4, received a cocaine injection (5mg/kg; i.p.) paired with the non-preferred chamber. ��	�

Conditioning sessions lasted 20 minutes. Following conditioning, on day 6, mice were tested ��
�

again for time spent on either side of the apparatus and the CPP score was calculated by ����

subtracting the pre-conditioning time spent in the cocaine-paired side from the time spent in the ����

cocaine-paired side on the test day.  ����

 ����



�

� ��

Statistical analyses. Each experimenter was blind to genotype during electrophysiological and ����

behavioral experiments. Significant differences were determined by Student’s t-Test or two-way ����

ANOVA followed by Bonferroni or Tukey’s post hoc tests. p<0.05 is considered significant for all ����

analyses. All data are presented as mean � SEM.  ����

Results  ��	�

Knockdown of Npas2 in the NAc leads to an increase in glutamatergic transmission at ��
�

MSNs.  ����

We previously reported that knockdown of Npas2 in the NAc reduces cocaine CPP ����

behavior  (Ozburn et al., 2015). Changes in cocaine CPP have been correlated with alterations ����

in excitatory neurotransmission at NAc MSNs, including the amplitude of mEPSCs and the ratio ����

of evoked AMPAR- and NMDAR-mediated EPSCs  (Grueter et al., 2013). Relative to control ����

virus, we find Npas2-shRNA infected MSNs (Figure 1A) exhibit significant increases in mEPSC ����

amplitude (t(20) = 2.71, p=0.01; unpaired t-test) and trending increases in frequency of events ����

(t(20) = 2.02, p=0.057; unpaired t-test) (Figure 1B-D). Additionally, the ratio of the average peak ����

amplitude of AMPAR-mediated evoked currents to that of NMDAR EPSCs (AMPAR/NMDAR), a ��	�

measure of synaptic strength independent of stimulus intensity or synapse number, trends ��
�

towards an increase following Npas2 knockdown (t(13) = 1.79, p = 0.096; unpaired t-test) (Figure ����

1E). These results indicate NPAS2 may negatively regulate MSN excitatory postsynaptic ����

transmission, and potentially presynaptic release, mechanisms which may contribute to the ����

modulation of reward sensitivity.  ����

 ����

Increased excitatory synaptic transmission following Npas2 knockdown is specific to D1 ����

MSNs ����

Given our previous findings showing preferential enrichment of Npas2 in striatal D1R-����

MSNs, we delivered scramble or Npas2-shRNA AAVs into the NAc of Drd1a-tdTomato mice  ��	�

(Shuen et al., 2008), to identify D1R+ and non-D1R MSNs. Cells co-expressing tdTomato and ��
�
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GFP were considered virally infected D1R+ neurons while those expressing only GFP were ����

considered infected non-D1R neurons (Figure 2A). Glutamatergic transmission was measured ����

by analyzing the amplitude and frequency of AMPAR-mediated mEPSCs. Two-way ANOVA ����

reveals a significant main effect of cell type on mEPSC amplitude (F(1,43) = 5.39, p=0.025 cell ����

type effect; F(1,43) = 1.71, p=0.199 treatment effect; F(1,43) = 3.66, p=0.06 interaction). Bonferroni’s ����

post hoc analyses confirm that mEPSC amplitude is significantly increased in D1R-MSNs ����

following Npas2 knockdown compared with control (p<0.05) (Figure 2B). Knockdown also ����

increases the frequency of mEPSCs in a cell-type specific manner (F(1,43) = 4.234, p=0.046 cell ����

type effect; F(1,43) = 0.127, p=0.72 treatment effect; F(1,43) = 4.27, p=0.045 interaction; ANOVA) ��	�

(Figure 2D).  ��
�

 Consistent with the increase in AMPAR-mediated synaptic transmission, excitatory ����

synaptic strength is exclusively increased in NPAS2-deficient D1R-MSNs as measured by ����

AMPAR/NMDAR ratio (F(1,18) = 4.275, p=0.05 cell type effect; F(1,18) =  10.34, p=0.005 treatment ����

effect; F(1,18) = 10.76, p=0.004 interaction; ANOVA) (Figure 2F). Together, our findings indicate a ����

specific and robust regulation of glutamatergic signaling in the population of D1R-containing ����

MSNs where NPAS2 is preferentially enriched.  ����

 ����

Npas2 knockdown attenuates cocaine-induced potentiation of D1R-MSN excitatory ����

synaptic strength and excitatory neurotransmission  ��	�

Studies have shown that cocaine remodels glutamatergic synaptic activity within the NAc  ��
�

(Kourrich et al., 2007; Schmidt and Pierce, 2010; Britt et al., 2012; Graziane et al., 2016). We ����

therefore examined the cell-type specific effects of repeated cocaine (7 days; cocaine 20mg/kg �	��

i.p.) or saline administration on AMPAR/NMDAR ratio following Npas2 knockdown (Figure 3). �	��

Repeated cocaine administration reliably enhances the synaptic strength onto D1R-MSNs �	��

compared with saline administration in scramble-shRNA infected cells (F(1, 19)  = 1.11, p=0.30 �	��

virus effect; F(1, 19) = 2.04, p=0.17 treatment effect; F(1, 19) = 66.29, p<0.0001 interaction; ANOVA �	��



�

� ���

followed by Tukey’s multiple comparisons tests, scramble-shRNA: saline vs. cocaine, p=0.0006) �	��

(Figure 3A-C). Similar to naïve conditions (Figure 2F), knockdown of Npas2 increases the �	��

AMPAR/NMDAR ratio of D1R-MSNs in saline treated animals (Scramble-shRNA vs. Npas2-�		�

shRNA, p=0.0008) (Figure 3C). Furthermore, Npas2 knockdown prevents cocaine-induced �	
�

potentiation of excitatory synaptic strength in D1R-MSNs (Scramble-shRNA vs. Npas2-shRNA, �	��

p<0.0001) (Figure 3C). Npas2 knockdown in non-D1R MSNs did not produce the same striking �
��

effects on cocaine-mediated adaptations of synaptic strength (F(1, 16) = 4.909, p=0.0416 virus �
��

effect; F(1, 16) = 6.847, p=0.02 treatment effect; F(1, 16) = 0.13, p=0.72 interaction) (Figure 3C).  �
��

We followed up these findings by recording mEPSCs to determine whether Npas2 �
��

disruption alters the effect of cocaine on AMPAR-mediated synaptic transmission (Figure 4). �
��

Cocaine administration increased the amplitude of mEPSCs in D1R MSNs (F(1, 32) = 0.19, p=0.66 �
��

virus effect; F(1, 32) = 0.18, p=0.67 treatment effect; F(1, 32) = 14.08, p=0.0007 interaction, ANOVA �
��

followed by Tukey’s multiple comparisons tests, scramble-shRNA: saline vs. cocaine, p=0.03) �
	�

(Figure 4C). Furthermore, in accord with our previous result, Npas2 knockdown significantly �

�

attenuated the cocaine-mediated increase in mEPSC amplitude in D1R MSNs (Scramble-�
��

ShRNA vs. Npas2-shRNA, p=0.03) (Figure 4C). While in naïve and saline treated animals we ����

had found that Npas2 knockdown increases synaptic transmission and strength, the effect on ����

mEPSC amplitude in saline treated animals here failed to reach significance (Scramble-ShRNA ����

vs. Npas2-shRNA, p=0.17). As anticipated, we found no significant effects of cocaine treatment ����

or Npas2 knockdown on mEPSC amplitude in non-D1R MSNs (F(1, 35) = 0.017, p=0.9 virus ����

effect; F(1, 35)  = 0.229, p=0.64 treatment effect; F(1, 35)  = 0.0007, p=0.98 interaction, ANOVA) ����

(Figure 4C). Repeated cocaine administration and Npas2-shRNA both significantly increase the ����

frequency of D1R MSN mEPSCs (F(1, 32) = 0.02, p=0.88 virus effect; F(1, 32) = 0.41, p=0.53 ��	�

treatment effect; F(1, 32) = 18.82, p=0.0001 interaction, ANOVA followed by Tukey’s multiple ��
�

comparisons tests, scramble-shRNA: saline vs. cocaine, p=0.005; saline treated: Scramble-����

shRNA vs. Npas2-shRNA, p=0.02) (Figure 4D). NPAS2-deficient D1R MSNs also fail to show ����
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an increase in mEPSC frequency in response to cocaine (Scramble-shRNA vs. Npas2-shRNA, ����

p=0.02) (Figure 4D). In the non-D1R cell population we find a significant main effect of ����

treatment but non-significant effects of virus type or interaction (F(1, 35) = 3.32, p=0.08 virus ����

effect; F(1, 35)  = 5.17, p=0.03 treatment effect; F(1, 35) = 1.507, p=0.23 interaction, ANOVA) (Figure ����

4D). Together, these results suggest a strong cell-type specific effect of NPAS2 on the ability of ����

cocaine to remodel glutamatergic synapses in the NAc.  ����

 ��	�

D1R-MSN specific Npas2 knockdown in the NAc reduces cocaine reward sensitivity  ��
�

Several cell-type specific molecular mechanisms in the NAc which modulate cocaine ����

reward behavior have been elucidated  (Lobo et al., 2010; Grueter et al., 2013; Lobo et al., ����

2013; Chandra et al., 2015; Chandra et al., 2017a,b). Using Drd1a-Cre and Drd2-Cre mice, Cre-����

inducible mCherry tagged viruses were used to target D1R and D2R expressing cells in the NAc ����

(Figure 5A,C). RNAscope probes labeled Cre (white) and mCherry (orange) in Drd1a-Cre (Top, ����

Figure 5C) and Drd2-Cre mice (Bottom, Figure 5C). Following shRNA-mediated knockdown, ����

expression of Npas2 is significantly reduced in NAc homogenates of Drd1a-Cre mice (t(19) = ����

4.428, p=0.0013) and trends towards significantly reduced in Drd2-Cre mice (t(10) = 2.206, ����

p=0.051; Figure 5B).  ��	�

Cell-type specific knockdown in Cre mice was followed by cocaine CPP (Figure 6A). ��
�

Npas2 knockdown specifically within D1R-MSNs significantly reduces cocaine CPP compared ����

to control animals (t(20) = 2.451, p=0.024). No differences for cocaine CPP are observed after ����

Npas2 knockdown in D2R-MSNs (p=0.49). These findings are consistent with our previous ����

findings demonstrating reduced cocaine preference in global NPAS2-deficient mice and ����

preferential enrichment of NPAS2 in D1R-MSNs  (Ozburn et al., 2015), suggesting NPAS2 ����

action in D1R-MSNs regulates cocaine reward sensitivity. ����

 ����

Discussion ����



�

� ���

Our study provides evidence for the cell-type specific actions of the circadian ��	�

transcription factor NPAS2, in the regulation of excitatory synaptic activity in the NAc, and ��
�

cocaine-induced potentiation of synaptic strength and conditioned drug reward. While circadian ����

disruptions are linked to psychiatric disorders, including addiction, few studies have explored the ����

potential functional role of molecular clocks and circadian transcription factors in brain reward ����

regions and specific cell-types. Previously, we found repeated non-contingent cocaine ����

administration induced the expression of Npas2 specifically in the NAc  (Falcon et al., 2013; ����

Ozburn et al., 2015), and NAc-specific knockdown of Npas2 attenuated the development of ����

cocaine CPP  (Ozburn et al., 2015). Here, NAc-specific knockdown of Npas2 led to an overall ����

increase in mEPSC amplitude, usually indicative of either higher density or conductance of ����

postsynaptic AMPA receptors at individual excitatory synapses. In support of this, we observed ��	�

a trending increase in the AMPAR/NMDAR ratio in MSNs with reduced NPAS2. A trend-level ��
�

increase in the frequency of miniature currents at MSNs was also observed, which with these ����

other changes of synaptic activity following Npas2 knockdown, implies elevated presynaptic ����

release probability of glutamate at the synapse or an increase in the number of functional ����

synaptic sites through an unknown mechanism. These increases were weaker with reduced ����

NPAS2, possibly due to indiscriminate sampling of specific MSN subtypes. Indeed, our ����

additional studies define NPAS2 as a critical modulator of synaptic activity selectively at D1R-����

MSNs in the NAc. Interestingly, we have also previously found that Npas2 knockdown in the ����

NAc alters inhibitory synaptic activity at MSNs, decreasing the amplitude of mIPSCs and ����

expression of the GABAA receptor subunit gene, Gabra1 (Ozburn et al., 2017).  Together with ��	�

our current results, this suggests that NPAS2 may play a critical role in maintaining balance of ��
�

excitatory and inhibitory input in this region. We have not yet investigated whether this effect on ����

GABAergic neurotransmission is restricted to a particular subtype of MSN.  ����

 We previously used Drd1a-tdTomato mice to isolate D1R-MSNs from the mouse ����

striatum using FACs analysis. Relative to non-DR1-MSNs, which are presumably D2R-MSNs, ����
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there was an ~80-fold enrichment of Npas2 in D1R-MSNs  (Ozburn et al., 2015). Using a similar ����

approach combined with viral-mediated knockdown, we found Npas2 knockdown in D1R-MSNs ����

increased AMPAR mEPSC amplitudes and frequencies relative to control virus and non-D1R-����

MSNs. Moreover, AMPAR/NMDAR ratios were significantly elevated, an effect specific to D1R-����

MSNs. These results suggest NPAS2 influences excitatory synaptic transmission through ��	�

adaptations selectively in D1R-MSNs.  ��
�

Many studies support the primary role of D1R-MSNs in the NAc to promote the ����

rewarding effects of cocaine (Lobo et al., 2010; Lobo and Nestler, 2011; Chandra et al., 2013; ����

Smith et al., 2013; Koo et al., 2014; Chandra et al., 2015; Chandra et al., 2017a,b). ����

Furthermore, many of the molecular and synaptic plasticity changes following cocaine ����

administration, regardless of contingency, occur in D1R-MSNs. For example, non-contingent ����

experimenter administered acute or repeated cocaine administration increases AMPAR/NMDAR ����

ratios and the frequency of mEPSCs in D1R-MSNs (Dobi et al., 2011). In the present study, we ����

found shRNA-mediated knockdown of Npas2 led to similarly potentiated excitatory synapses at ����

D1R-MSNs. These findings together with our previous results (Falcon et al., 2013; Ozburn et al., ��	�

2015), suggest cocaine alters the expression and function of NPAS2 in the NAc, leading to an ��
�

overall change in synaptic homeostasis. These findings implicate NPAS2 as a key ����

transcriptional modulator of cocaine-induced synaptic plasticity.  �	��

In the NAc, NPAS2 may transcriptionally regulate several key pathways involved in �	��

excitatory synaptic homeostasis and plasticity (Ozburn et al., 2015). Our previous findings from �	��

NPAS2 ChIP-seq in mouse NAc revealed several strong candidates related to synaptic �	��

structure and function, and cocaine reward, including brain derived neurotrophic factor (Bdnf) �	��

(Graham et al., 2007; Schoenbaum et al., 2007; Heiman et al., 2008; Anderson et al., 2017; �	��

Bobadilla et al., 2018), Rho-associated coiled-coil-containing protein kinase 1 (Rock1) �	��

(Nakagawa et al., 1996; Henderson et al., 2016), and others which we have recently confirmed, �		�

including GABA receptor alpha 1 (Gabra1) (Ozburn et al., 2017). Other intriguing candidates �	
�
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previously linked to cocaine include multiple genes in the nuclear factor kappa-B signaling �	��

pathways (Russo et al., 2009). Interestingly, investigating the overlap among potential NPAS2 �
��

targets and genes altered in D1R-MSN and D2R-MSN by cocaine administration (Heiman et al., �
��

2008) reveals several candidates relevant to cocaine and synaptic signaling, such as glutamate �
��

decarboxylase 1 (Gad1) (Enoch et al., 2012; Levran et al., 2016), glutamate ionotropic receptor �
��

AMPA 1 and 2 (Gria1,2) (Mead et al., 2005; Briand et al., 2016), glutamate ionotropic receptor �
��

NMDA 2a,b (Grin2a,b) (Eipper-Mains et al., 2013), early growth response 1 (Egr1) (Thiriet et al., �
��

2000; Xu and Kang, 2014; Duclot and Kabbaj, 2017; Muniz et al., 2017), nuclear receptor �
��

corepressor 1 (Ncor1) (Gelernter et al., 2014), period 3 (Per3) (Falcon et al., 2013), SIN3 �
	�

transcription regulator B (Sin3b) (Chandrasekar and Dreyer, 2010), and beta-secretase 1 �

�

(Bace1) (Miyazaki et al., 2007; Bu et al., 2012). Future studies will explore whether NPAS2 �
��

directly regulates the transcription of these genes and their role in cocaine-induced synaptic and ����

behavioral plasticity.  ����

Potentiation of excitatory synapses at D1R-MSNs in the NAc occurs in response to a ����

variety of cocaine administration paradigms  (Borgland et al., 2004; Dobi et al., 2011; Lewitus et ����

al., 2016). We report knockdown of Npas2 in the NAc completely blocked cocaine-induced ����

increases of AMPAR/NMDAR ratios and amplitude and frequency of mEPSCs in D1R-MSNs, ����

which supports NPAS2 as a major modulator of cocaine-induced plasticity in specific cell-types ����

of the NAc. Enhanced excitatory synapses at D1R-MSNs may be mediated by dopamine action ��	�

at these receptors  (Conrad et al., 2008; Moussawi et al., 2009; Lobo et al., 2010), as cocaine-��
�

induced dopamine D1R activation promotes AMPAR trafficking and insertion of GluA1-����

containing AMPARs  (Conrad et al., 2008; Moussawi et al., 2009). These are strengthened by ����

repeated cocaine administration, further increasing the cell surface expression of AMPARs and ����

AMPAR/NMDAR ratios, which are important for several cocaine reward-related behaviors  ����

(Pierce et al., 1996; Chao et al., 2002; Suto et al., 2004; Boudreau and Wolf, 2005; Conrad et ����

al., 2008; Moussawi et al., 2009). Interestingly, activation of D1Rs, but not D2Rs, on primary ����
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striatal neurons in vitro increased the expression of Npas2  (Imbesi et al., 2009), potentially ����

acting as a transcriptional driver of cocaine-induced molecular changes and synaptic plasticity in ����

specific striatal cell-types. ��	�

We used a cell-type specific viral-mediated approach to investigate whether knocking ��
�

down NPAS2 specifically in D1R-MSNs or D2R-MSNs impacts cocaine reward behavior. ����

Overall, activation of D1R-MSNs promotes cocaine conditioned reward, while activation of D2R-����

MSNs attenuates reward  (Kourrich et al., 2007; Bertran-Gonzalez et al., 2008; Lobo et al., ����

2010; Chandra et al., 2013; Grueter et al., 2013). Given NAc-specific knockdown of Npas2 ����

attenuated cocaine CPP and our previous expression findings indicated preferential expression ����

of Npas2 in D1R-MSNs (Ozburn et al., 2015) together with our electrophysiology results, we ����

predicted D1R-MSN specific Npas2 knockdown would reduce cocaine CPP behavior. Indeed, ����

cell-type specific knockdown of Npas2 in D1R-MSNs significantly reduced cocaine conditioned ����

reward at the same dose (5mg/kg) that produced differences in reward in global NPAS2-��	�

deficient mice  (Ozburn et al., 2015). There was no effect of Npas2 knockdown in D2R-MSNs on ��
�

cocaine CPP. Together, these results begin to reveal the cell-type specific impact of NPAS2 on ����

cocaine reward behavior.  ����

Studies have shown D1R-MSNs are recruited during repeated cocaine administration, ����

and during and following cocaine CPP (Calipari et al., 2016). Thus, the effects of cocaine on ����

MSN subtypes depend on the context, dose, and frequency of administration. Activation of ����

D1Rs by cocaine-induced dopamine transmission may activate NPAS2-mediated signaling ����

pathways involved in AMPAR trafficking, receptor expression, or other processes involved in ����

synaptic plasticity. Interestingly, knockdown of Npas2 leads to a modest decrease in the ����

AMPA/NMDA ratio of non-D1R-MSNs following either saline or cocaine administration, which ��	�

was not found in naïve animals, suggesting compensatory interactions between D1R-MSNs and ��
�

potentially D2R-MSNs. In addition, higher resolution, finer mapping of NPAS2 expression and ����
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activity could reveal more subtle activity-dependent changes varying across NAc sub-regions ����

and cell-types. ����

Our findings continue to support the mechanistic links between clocks and reward and ����

their direct action in the regulation of reward behavior.  Mice with a mutation in Clock, which is a ����

functional homolog of NPAS2, have increased cocaine preference and self-administration, ����

linked to increased cell firing and bursting activity of ventral tegmental area (VTA) dopamine ����

neurons  (McClung et al., 2005; Coque et al., 2011; Ozburn et al., 2012; Spencer et al., 2012). ����

Similarly, knockdown of Clock specifically in the VTA also leads to increased dopaminergic ��	�

neurotransmission (McClung et al., 2005; Mukherjee et al., 2010). Importantly, CLOCK ��
�

knockdown in the NAc had no effect on cocaine CPP  (Ozburn et al., 2015). Therefore, despite ����

their homology in structure and function, CLOCK and NPAS2, appear to differentially modulate ����

cellular physiology depending on brain region and cell-type, and behaviors related to reward. ����

 Collectively, our studies reveal a novel role for NPAS2 in NAc MSNs to regulate cocaine-����

induced synaptic and reward-related behavior. We show NPAS2 in the NAc modulates the ����

strength and sensitivity of excitatory synapses preferentially in D1R-MSNs. We also ����

demonstrate NPAS2 specifically in D1R-MSNs is critical for the normal expression of cocaine ����

conditioned place preference. Our data provides further understanding of the cellular and ����

molecular mechanisms underlying the relationships between circadian rhythms, reward circuits ��	�

and drug-related behaviors.  ��
�

����
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Figure Legends ����

 ����

Figure 1. Knockdown of Npas2 in the NAc leads to an increase in excitatory transmission onto ����

MSNs. (A) Bilateral targeting of AAV2-Scramble-shRNA or AAV2-Npas2-shRNA to the NAc ����

(left) and localization of GFP-tagged shRNA (inset). (B) Representative traces of mEPSCs ����

sampled from scramble and Npas2-shRNA infected MSNs. (C) Summary of mEPSC amplitude ����

in cells from both groups (white, Scramble; gray, Npas2-shRNA). (D) Summary of mEPSC ����

frequency. (E) Representative traces of AMPAR and NMDAR EPSCs from scramble and ��	�

NPAS2-knockdown MSNs (left). AMPA/NMDA ratio of evoked responses from both groups. ��
�

n=cells/animals and *p<0.05. AC – anterior commissure; AcbC – Accumbal core; AcbSh – ����

Accumbal shell. ����

 ����

Figure 2. Increased excitatory synaptic transmission following NPAS2-knockdown is specific to ����

D1 receptor-containing (D1R) MSNs. A) Drd1a-tdTomato reporter mice were used to visualize ����

D1R-MSNs and non-D1R MSNs in NAc slices from mice receiving either AAV2-Scramble-����

shRNA or AAV2-Npas2-shRNA. B) Summary of mEPSC amplitude in D1R and non-D1R ����

neurons infected with Scramble or Npas2-shRNA virus. C) Cumulative probability of event ����

amplitudes. D) Frequency of miniature events in both groups and cell-types. E) Cumulative ��	�

probability of mEPSC inter-event intervals. F) Summary of AMPAR/NMDAR ratio of evoked ��
�

currents. Representative traces of AMPAR (-70mV) and NMDAR (40mV) EPSCs from scramble ����

or Npas2-shRNA viral infected D1R neurons. n=cells/animals and *p<0.05, **p<0.01, �	��

***p<0.001. AC – anterior commissure; AcbC – Accumbal core; AcbSh – Accumbal shell. �	��

 �	��

Figure 3. Knockdown of Npas2 inhibits cocaine-induced potentiation of D1R-MSN excitatory �	��

synaptic strength. Representative traces of AMPAR(-70mV) and NMDAR (40mV) EPSCs from �	��

D1R-MSNs and non-D1R-MSNs infected with scramble or Npas2-shRNA virus from mice �	��
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receiving (A) saline or (B) 20mg/kg cocaine (i.p.) for 7 days. C) Summary of AMPAR/NMDAR �	��

ratio of evoked currents. n=cells/animals and ***p<0.001, ****p<0.0001. �		�

Figure 4. Knockdown of Npas2 attenuates cocaine-induced potentiation of D1R-MSN excitatory �	
�

transmission. Representative traces of AMPAR-mediated mEPSCs (-70mV) from D1R- and �	��

non-D1R MSNs infected with scramble or Npas2-shRNA from mice receiving (A) saline or (B) �
��

20mg/kg cocaine (i.p.) for 7 days. C) Summary of mEPSC amplitude. D) Summary of mEPSC �
��

frequency. n=cells/animals and *p<0.05, **p<0.01.  �
��

 �
��

Figure 5.  Validation of a novel viral construct to selectively knock down NPAS2 in NAc MSNs. �
��

A) Stuffer DNA is removed upon recombination of loxP elements in Cre expressing animals �
��

followed by the activation of Scramble or Npas2-shRNA construct. B) Expression of Cre-�
��

inducible Npas2-shRNA in the NAc (regional homogenates) of Drd1a-Cre mice leads to a �
	�

significant reduction in the relative mRNA expression of Npas2 compared to scramble virus.  C) �

�

Representative RNAscope in situ hybridization micrographs (white, Cre; orange, mCherry) of �
��

the NAc from Drd1a-Cre (top) and Drd2-Cre (bottom) mice following 3 weeks of AAV2-����

H1.lox.mCherry-Npas2-shRNA. Area in the box is enlarged to depict cells expressing Cre and ����

mCherry. AC – anterior commissure. n=6 animals per group and *p<0.05. ����

 ����

Figure 6. Viral-mediated knockdown of Npas2 specifically in D1R-MSNs reduces cocaine ����

conditioned place preference (CPP). A) Timeline of stereotaxic viral injections, conditioning ����

paradigm and histological verification. B) Representative micrograph of mCherry expression ����

indicating presence and location of Cre-inducible shRNA virus within the NAc (left) and 20x ��	�

image of virus expression within NAc cells (right). C) CPP score (test – pre-test duration) for ��
�

scramble and Npas2-shRNA treated Drd1a-Cre and Drd2-Cre mice. AC – anterior commissure; ����

AcbC – Accumbal core; AcbSh – Accumbal shell. n=animals and *p<0.05. ����
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