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Abstract

Genetic and pharmacological studies indicate that casein kinase-1 epsilon (Csnk1e) contributes to 

psychostimulant, opioid, and ethanol motivated behaviors. We previously used pharmacological 

inhibition to demonstrate that Csnk1e negatively regulates the locomotor stimulant properties of 

opioids and psychostimulants. Here, we tested the hypothesis that Csnk1e negatively regulates 

opioid and psychostimulant reward using genetic inhibition and the conditioned place preference 

assay in Csnk1e knockout mice. Similar to pharmacological inhibition, Csnk1e knockout mice 

showed enhanced opioid-induced locomotor activity with the mu opioid receptor agonist fentanyl 

(0.2 mg/kg i.p.) as well as enhanced sensitivity to low-dose fentanyl reward (0.05 mg/kg). 

Interestingly, female knockout mice also showed a markedly greater escalation in consumption of 

sweetened palatable food – a behavioral pattern consistent with binge eating that also depends on 

mu opioid receptor activation. No difference was observed in fentanyl analgesia in the 52.5°C hot 

plate assay (0–0.4 mg/kg), naloxone conditioned place aversion (4 mg/kg), or methamphetamine 

conditioned place preference (0–4 mg/kg). To identify molecular adaptations associated with 

increased drug and food behaviors in knockout mice, we completed transcriptome analysis via 

mRNA sequencing of the striatum. Enrichment analysis identified terms associated with 

myelination and axon guidance and pathway analysis identified a differentially expressed gene set 

predicted to be regulated by the Wnt signaling transcription factor, Tcf7l2. To summarize, Csnk1e 
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deletion increased mu opioid receptor-dependent behaviors, supporting previous studies indicating 

an endogenous negative regulatory role of Csnk1e in opioid behavior.

INTRODUCTION

The shift from recreational to compulsive use of drugs of abuse is mediated by an increase in 

motivation to obtain drugs and a decrease in the rewarding properties of drugs and natural 

reinforcers (Adinoff, 2004). Understanding the genetic and neurobiological basis of drug 

reward is central to understanding the initial neuronal adaptations underlying substance use 

disorders. Most drugs of abuse activate dopaminergic signaling within the striatum (Di 

Chiara & Imperato, 1988), a brain region that stimulates locomotor activity and reward 

learning. Because shared brain regions and neurobiological mechanisms mediate these 

behaviors (Di Chiara & Imperato, 1988, Wise & Bozarth, 1987), drug-induced locomotor 

activity can sometimes serve as a proxy for identifying shared genetic factors underlying 

drug reward.

Using behavioral and expression quantitative trait locus mapping, casein kinase 1 epsilon 
(Csnk1e) was identified as a candidate gene underlying variation in the locomotor stimulant 

response to methamphetamine (Palmer et al., 2005). Csnk1e codes for a gene from a family 

of serine/threonine-selective kinases that possess diverse molecular substrates and biological 

functions (Cheong & Virshup, 2011), including regulation of the Wnt signaling pathway and 

in development and function as a clock gene in regulating circadian rhythms which are 

known to influence behavioral responses to substances of abuse (Parekh et al., 2015). Non-

selective pharmacological inhibition of CSNK1E and its closely related delta isoform 

(CSNK1D) can affect behaviors induced by multiple abused substances, including ethanol 

(Perreau-Lenz et al., 2012), psychostimulants (Bryant et al., 2009a, Zhou et al., 2010), and 

opioids (Wager et al., 2014). A recent study used pharmacological inhibition of CSNK1D/E 

to demonstrate attenuation of reinstatement of self-administration of the mu opioid receptor 

agonist fentanyl (Wager et al., 2014). However, it is unclear whether pharmacological 

inhibition of CK-1 inhibits the acute rewarding/reinforcing properties of these drugs or if it 

has a selective role in disrupting stimulus-responsive neuronal adaptations underlying 

reinstatement. A further limitation of existing pharmacological studies is that the 

contribution of specific CK-1 isoforms to these drug-induced behaviors is unknown. Current 

evidence suggests that CSNK1D could normally serve to facilitate drug-induced behaviors 

whereas CSNK1E could normally serve to inhibit them (Bryant et al., 2009a, Bryant et al., 
2012, Zhou et al., 2010). Pharmacological inhibition with a CSNK1E-preferring compound 

increased psychostimulant and opioid activity and genetic knockout of Csnk1e increased 

psychostimulant-induced locomotor activity (Bryant et al., 2009a, Bryant et al., 2012), 

which is consistent with a negative regulatory role for the epsilon isoform in acute drug 

sensitivity. However, the effect of gene knockout of Csnk1e on opioid-induced locomotor 

activity has not been tested.

Based on the proposed negative regulatory role for Csnk1e in the locomotor stimulant 

properties of drugs of abuse (Bryant et al., 2009a, Bryant et al., 2012), in the present study, 

we tested the hypothesis that Csnk1e negatively regulates opioid and psychostimulant 

Goldberg et al. Page 2

Genes Brain Behav. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reward as well as changes in the consummatory and rewarding behaviors induced by limited, 

intermittent access to sweetened palatable food (SPF) (Kirkpatrick et al., 2016)– a naturally 

rewarding stimulus. Consumption of highly palatable foods induces the release of 

endogenous opioids (Difeliceantonio et al., 2012, Nathan & Bullmore, 2009) and dopamine 

that activate the mesolimbic dopamine system (Bello & Hajnal, 2010) and reinforce eating 

behavior, leading to escalated consumption. We assessed the rewarding properties of the mu 

opioid receptor agonist fentanyl and the psychostimulant methamphetamine as well as the 

escalation in consumption and rewarding properties of SPF in Csnk1e knockout mice. 

Furthermore, to gain new insight into the predisposing neurobiological adaptations 

associated with Csnk1e deletion and opioid behaviors, we used transcriptome analysis via 

mRNA sequencing of striatal tissue to identify differentially expressed genes and enriched 

molecular pathways that were perturbed in naïve Csnk1e knockout versus wild-type mice.

MATERIALS & METHODS

Drugs

The mu opioid receptor agonist fentanyl citrate (FENT; Sigma-Aldrich, St. Louis, MO, 

USA), the opioid receptor antagonist naloxone hydrochloride (NAL, Tocris Bioscience, 

Bristol, UK), and the psychostimulant methamphetamine hydrochloride (MA, Sigma-

Aldrich, St. Louis, MO, USA) were dissolved in sterilized physiological saline (0.9%) prior 

to systemic (i.p.) injection. The dose of FENT (0.2 mg/kg) for the locomotor experiment was 

chosen based on our previous study in C57BL/6J mice (Bryant et al., 2012). The same dose 

was utilized in FENT-induced conditioned place preference (CPP) along with two additional 

doses (0.025, 0.05 mg/kg). The lowest dose of MA (2 mg/kg) for CPP was chosen based on 

our previous locomotor studies (Bryant et al., 2009a, Bryant et al., 2012). A higher MA dose 

(4 mg/kg) was also examined for MA-CPP and MA-induced locomotor activity. The dose of 

NAL (4 mg/kg) was chosen based on our recent conditioned place aversion (NAL-CPA) 

study in C57BL/6 substrains (Kirkpatrick & Bryant, 2015).

Environment and housing

All experiments were conducted in strict accordance with National Institute of Health 

guidelines for the Care and Use of Laboratory Animals and were approved by the Boston 

University Institutional Animal Care and Use Committee. Colony rooms were maintained on 

a 12:12 h light–dark cycle (lights on at 0630 h). Mice were housed in same-sex groups (two 

to five per cage) with standard laboratory chow (Harlan® 2918, Envigo, Indianapolis, IN, 

USA) and water available ad libitum except during testing. All mice within a home cage 

were assigned the same treatment for CPP or SPF-CPP. Mice (50–100 days old) were 

transported from the vivarium to the behavioral testing room next door and allowed to 

habituate for a least 1 h. Testing occurred between 800 h and 1800 h.

Mice

Csnk1e knockout (KO) mice were generated by Cre-mediated removal of exons 2 and 3, 

resulting in a null mutation with no detectable protein product, and were previously 

backcrossed to C57BL/6J for at least 10 generations prior to cryopreservation (Etchegaray et 
al., 2009). These KO mice are different from our previous study, where only exon 4 was 
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deleted on a C57BL/6N background (Bryant et al., 2012). Homozygous KO mice 

(Etchegaray et al., 2009) were re-derived at The Jackson Laboratory (Bar Harbor, ME, USA) 

and further backcrossed (C57BL/6J; The Jackson Laboratory, Bar Harbor, ME, USA) to 

generate heterozygous offspring to establish a heterozygous by heterozygous breeding 

colony. Genotyping was conducted on tail biopsies harvested at weaning via polymerase 

chain reaction and gel electrophoresis (Etchegaray et al., 2009). Equal numbers of age-

matched KO and WT were tested within each cohort. To estimate the sample size required to 

achieve 80% power (p < 0.05) for behavioral studies, we used the effect size of 

pharmacological inhibition of CSNK1E on fentanyl-induced locomotor activity (Cohens d = 

1.02) (Bryant et al., 2012). A sample size of 13 was required to achieve 80% power in 

detecting a genotypic effect on behavior. Therefore, our target goal for each behavioral study 

was a minimum of n=13 (mixed sexes) per Genotype per Treatment; Sample sizes for all 

experiments are listed in Table S1.

Behavioral testing apparatus

The locomotor testing apparatus consisted of an unlit Plexiglas open field (40 cm length × 

20 cm width × 45 cm tall; Lafayette Instruments, Lafayette, IN, USA) surrounded by a 

sound-attenuating chamber (MedAssociates, St. Albans, VT, USA) (Yazdani et al., 2015). 

For the place conditioning experiments, the same apparatus was partitioned into two equal-

sized compartments via a black, ion transparent, plastic divider containing a mouse entryway 

(5 cm × 6.25 cm) that was flipped upside down during training to confine mice to one side 

(Kirkpatrick & Bryant, 2015). Distinct floor texture squares on each side of the apparatus 

differentiated the two sides (Plaskolite Inc., Columbus, OH, USA). For SPF conditioning, a 

small, porcelain dish was secured to the floor texture via adhesive putty in the far corner of 

each side of the chamber (Kirkpatrick et al., 2016). Experiments were recorded using a 

security camera system (Swann Communications, Melbourne, Australia) and used for 

tracking analysis (Anymaze, Stoelting, Wood Dale, IL, USA).

Locomotor activity

We utilized a three-day locomotor protocol to assess the acute drug response (Bryant et al., 
2009a, Bryant et al., 2012, Yazdani et al., 2016). Prior to placement in the locomotor 

chamber, mice received an injection of SAL (i.p.) on Day 1 (D1) and D2, and FENT (0.2 

mg/kg, i.p.), MA (4 mg/kg, i.p.) or SAL (i.p.) on D3 and recorded for activity over 30 min. 

To avoid any spurious differences in locomotor activity within each genotype but across 

different treatments that could occur by chance and affect interpretation of the drug-induced 

phenotype, we examined locomotor activity on D1 prior to treatment assignment on D3 to 

ensure equal basal levels of activity for each Treatment on D3.

Drug-induced place conditioning (CPP/CPA)

We utilized an 8-day place conditioning protocol with 30-min test and training sessions for 

MA-CPP, FENT-CPP, and NAL-CPA (Kirkpatrick & Bryant, 2015). On D1, initial 

preference for the drug-paired side was assessed; mice received an injection of SAL (10 

ml/kg, i.p.) and had access to both sides. On training days, mice received an injection of 

either drug (D2, D4) or SAL (D3, D5) and were confined to either the drug-paired or SAL-

paired side, respectively. Mice were left undisturbed in their home cages on D6-D7. On D8, 
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final preference for the drug-paired side was assessed. The primary outcome measure was 

the difference in time spent on the drug-paired side between D8 and D1 (D8-D1).

Sweetened palatable food consumption and CPP

We recently described a procedure for assessing sweetened palatable food (SPF) 

consumption and CPP (SPF-CPP) (Kirkpatrick et al., 2016). Briefly, we assessed mice for 

initial preference for the SPF-paired side on D1 and then trained mice for seven, 30-min SPF 

training sessions (D2,4,9,11,16,18,23) and six 30-min “No-SPF” training sessions 

(D3,5,10,12,17,19). For SPF training, we confined the mice to the SPF-paired side with a 

porcelain dish containing 40, 20 mg 5-TUL pellets (weighed to the nearest 0.1 mg 

immediately prior to and following the session; TestDiet, St. Louis, MO USA), which 

consists of 49.6% sucrose, and can induce an escalation in consumption in a mouse model of 

limited, intermittent access (Kirkpatrick et al., 2016). For “No-SPF” training, we confined 

them to the non-SPF-paired side with a clean, empty dish adhered to non-SPF-paired side. 

To assess SPF-CPP, we permitted mice access to both sides of the chamber containing clean, 

empty food dishes for 30-min on D8, D15, and D22. The primary measures of interest were 

SPF consumption and SPF-CPP (D8-D1, D15-D1, D22-D1 Time on the SPF-paired side). 

To account for individual and sex differences in body weight, we quantified SPF 

consumption as percent body weight. To investigate possible differences in escalation in SPF 

intake over time, regression analyses were conducted in GraphPad Prism 7.01 (GraphPad 

Software, La Jolla, CA, USA) as previously reported (Babbs et al., 2013, Kirkpatrick et al., 
2016).

Baseline nociception and fentanyl analgesia

We used the 52.5° hot plate assay to assess baseline nociception and fentanyl-induced 

analgesia (Bryant et al., 2006). We habituated mice to the testing room for at least 1 h. We 

then placed mice in a Plexiglas cylinder (15 cm diameter; 33.0 cm tall) on a hot plate (IITC 

Life Science Inc., Woodland Hills, CA, USA) and recorded the latency to lick the hind paw 

with a 60 s cut-off latency. Thirty min post-assessment of baseline pain sensitivity, we 

injected mice with a single dose of FENT (0, 0.2, 0.4 mg/kg, i.p.) and tested them for 

analgesia at 10 min post-injection, which is the peak behavioral onset of action of FENT in 

C57BL/6J mice following systemic administration (Bryant et al., 2009b). The experimenter 

was always blinded to Genotype at the time of behavioral assessment.

Statistical Analysis

All behavioral analyses were implemented in R (https://www.r-project.org/). For the 

locomotor activity assay, we analyzed locomotor activity in 5-min time bins using mixed-

design ANOVAs. Because all mice received SAL on D1 and D2, we collapsed across 

eventual Treatment assignment and used a two-way mixed-design ANOVA (Genotype, Time 

as repeated measure), followed by post-hoc Welch’s unequal variance t-test. For D3, we 

used a three-way mixed-design ANOVA (Genotype, Treatment, Time as repeated measure) 

and pursued Genotype by Treatment by Time interactions using two-way ANOVAs for each 

Time bin followed by post-hoc Welch’s unequal variance t-test (corrected for the number of 

pairwise comparisons at each Time bin, FENT-WT vs. FENT-KO, FENT-WT vs. SAL-WT, 

FENT-KO vs. SAL-KO, SAL-WT vs. SAL-KO; p<0.05/4=0.0125).
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For each conditioning experiment (D8-D1 CPP/CPA), we initially ran a between-subjects 

three-way ANOVA (Genotype, Dose, Sex) but because we did not observe three-way 

interactions with Sex (p > 0.05), we collapsed across sexes and used a between-subjects two-

way ANOVA (Genotype, Dose) with post-hoc Welch’s t-tests for the effect of Genotype for 

each Dose. We also assessed drug-induced locomotor activity (D2, D4) using between-

subjects two-way ANOVA (Genotype, Dose).

SPF consumption was assessed for sex-effects with a three-way mixed design ANOVA 

(Genotype, Sex, Day as repeated measure). Because we identified a significant Sex by 

Genotype interaction (p<0.05) for SPF-consumption, we analyzed SPF-consumption 

separately in females and males. SPF-CPP was first analyzed by a 3-way mixed design 

ANOVA (Sex, Genotype, Day as repeated measure), followed by analysis in both sexes 

separately.

Baseline hot plate latency was analyzed via two-way ANOVA (Sex, Genotype) followed by 

post-hoc Welch’s t-test to identify the effect of Genotype. We measured fentanyl analgesia 

using Percent Maximum Possible Effect (%MPE) (Bryant et al., 2006). We analyzed FENT 

analgesia via three-way ANOVA (Sex, Genotype, Dose), followed by a post-hoc two-way 

ANOVA with Genotype and Dose as factors.

RNA-seq

We collected striatum punches from naïve female and male Csnk1e KO and WT littermates 

(Kirkpatrick et al., 2016, Yazdani et al., 2015, Yazdani et al., 2016). We habituated mice to 

the dissection room for at least 90-min prior to sacrifice and collected brain tissue between 

1300 h and 1700 h. Brains were rapidly removed and sectioned with a brain matrix to obtain 

a 3 mm thick section from which a 2.5 mm diameter punch of the striatum was collected 

(dorsal striatum, Bregma 2.90 to − 0.10 mm, dorsal-ventral 2 - 4.5 mm). Pooled left and 

right striatum punches were immediately placed in RNAlater (Life Technologies, Grand 

Island, NY, USA) for 48-h prior to storage in a -80 freezer. Total RNA was extracted using 

the RNeasy kit (Qiagen, Valencia, CA, USA) and shipped to the University of Chicago 

Genomics Core Facility where cDNA libraries were prepared for 50 bp single-end reads 

(oligo-dT) using the Illumina TruSeq® Stranded mRNA LT Kit (Part# RS-122–2101, San 

Diego, CA, USA). Purified cDNA was captured on an Illumina flow cell for cluster 

generation and sample libraries were sequenced at 16 samples per lane over 4 lanes 

(technical quadruplicates) according to the manufacturer’s protocols on the Illumina HiSeq 

2500 machine (San Diego, CA, USA). FASTQ files were quality checked via FASTQC and 

possessed mean per read Phred quality scores > 30 (i.e. less than 0.1% sequencing error). 

FASTQ files were aligned to the mouse reference genome (mm10; UCSC Genome Browser) 

using TopHat (Kim et al., 2013). We computed read counts per gene using the HTSeq 

Python package (Anders et al., 2015) and edgeR, a Bioconductor package for differential 

gene expression analysis that models read counts using a negative binomial distribution to 

account for variability in the number of reads via generalized linear models (Robinson et al., 
2010). In order for a gene to be considered expressed, we required a minimum of one count 

per million reads across all 16 samples (Yazdani et al., 2016). To generate a list of 

differentially expressed genes (DEGs), we included two covariates in the statistical model: 

Goldberg et al. Page 6

Genes Brain Behav. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



“Home Cage” (Yazdani et al., 2016) and Sex. The “Home Cage” covariate takes into account 

variance in gene expression associated with mice coming from different home cages; we 

previously showed the importance of including this covariate in RNA-seq analyses (Yazdani 

et al., 2016). Because of the small sample size of females for each genotype (n=2–3; males 

n=4–5), we included Sex as a covariate to account for variance in gene expression associated 

with Sex, while also increasing our power to detect differentially expressed genes due to 

Genotype. We also ran a male-only analysis to examine concordance in the gene list 

between the two analyses and a female-only analysis to generate hypotheses regarding 

female-specific changes in gene expression that may drive sex differences in behavior.

We initially employed a standard false discovery rate (FDR) (Benjamini et al., 2001) of 5%, 

which yielded 2600 differentially expressed genes which equates to approximately 10% of 

protein-coding genes. Because this gene list was so large and because we employed a 

modest sample size, we were concerned that many of these genes could be false positives 

and thus, we chose to use a more stringent criterion of FDR cut-off of 1%. Furthermore, in 

examining the volcano plot, it was clear that the most significantly differentially expressed 

genes as indicated by −logP > 20 did not appear until the logFC (fold-change) values 

reached 0.15 (1.1 FC). Thus, to filter out presumably less reliable and less biologically 

relevant genes, we chose a minimum FC of 1.1. Transcriptome datasets and codes have been 

deposited to Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

token=ijmbuqiuhbgpzev&acc=GSE95141).

Enrichment analysis of the striatal transcriptome

To reveal predeterminant neurobiological adaptations associated with behavioral differences 

in KO mice, we applied pathway analysis (Ingenuity Pathway Analysis, IPA, run in February 

2017, www.qiagen.com/ingenuity, Qiagen, Redwood City, CA, USA) toward our gene list to 

identify enriched biological pathways, gene networks, and upstream regulators (Kramer et 
al., 2014). We perimtted 70 molecules within a gene network and restricted our analyses to 

mammalian species, and CNS tissue or cell lines (as in Kirkpatrick et al., 2016). Statistical 

significance for enrichment was assessed using a right-tailed Fisher’s exact test corrected for 

multiple testing.

We also used Enrichr to compute enrichment scores for ranked terms derived from a subset 

of the 35 available gene set libraries (Kuleshov et al., 2016) (http://amp.pharm.mssm.edu/

Enrichr/) as we previously described (Kirkpatrick et al., 2016).

qPCR validation

We sought to validate our RNA-seq findings in a separate cohort of naive KO and WT 

striatal tissue. Oligo-dT primers Applied Biosystems, Foster City, CA, USA) were used to 

synthesize cDNA. Samples were run on the StepOne Plus 96-Well Real-Time PCR machine 

(Life Technologies, Foster City, CA, USA) in triplicate and averaged (SD <0.5). We report 

the difference as the change in KO verus WT using the 2−(ΔΔCT) method (Schmittgen & 

Livak, 2008). We analyzed gene expression differences of Cartpt and Csnk1e with Hprt as 

the housekeeping gene via unpaired Welch’s t-test, and linear regression with the inclusion 

of Cage as a covariate to mirror our RNA-seq model as closely as possible. Because qPCR is 
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less sensitive than RNA-seq in detecting gene expression and because of our previous 

experience in validating genes from RNAseq datasets, we chose a gene (Cartpt) with a 

minimum logCPM greater than 1 and a fold-change greater than 2.

RESULTS

Drug-induced locomotor activity in Csnk1e knockout mice

We previously reported that Csnk1e KOs exhibited increased MA-induced locomotor 

activity (Bryant et al., 2012). Here, we extended this result to the mu opioid receptor agonist 

fentanyl. Because our primary focus was drug-induced locomotor activity on D3, we 

examined potential interactions with Sex by first analyzing locomotor activity on D3 using a 

four-way mixed design ANOVA (Sex, Genotype, Treatment, Time as repeated measure). We 

did not observe a four-way interaction or three-way interaction (Sex, Genotype, Treatment) 

(p>0.05), and thus collapsed across Sex.

Similar to the effect of pharmacological inhibition of CSNK1E (Bryant et al., 2012), gene 

knockout of Csnk1e resulted in increased locomotor activity on D1 and D2 (Figure S1a,b). 

A mixed design two-way ANOVA (Genotype, Time as repeated measure) of Genotypes 

collapsed across eventual Treatment assignment identified a main effect of Genotype on Day 

1 (D1) and Day 2 (D2) in response to SAL (F1,258=14.87, 27.99; p<0.05). Csnk1e KOs 

exhibited increased locomotor activity on D1 (t42=2.03, p<0.05) and D2 (t37=2.90, p<0.05) 

(Figure S1a,b). There was no effect of eventual Treatment assignment on distance traveled 

on D1 (F1,246<1, p>0.05) or D2 (F1,162=1.73, p>0.05) following SAL injections (Fig. 1a,b).

Importantly, on D3 there was no effect of Genotype in the SAL-treated groups at any time 

point (p>0.0125); therefore basal activity differences cannot alone account for the observed 

increase in FENT-induced locomotor activity on D3. A mixed-design three-way ANOVA 

(Genotype, Treatment, Time as repeated measure) on D3 identified an effect of Genotype 

(F1,42= 5.38, p<0.05), Treatment (F1,42=99.26, p<0.0001), a Genotype by Treatment 

interaction (F1,42=4.32, p<0.05), and a Time by Treatment interaction (F5, 210= 39.20, 

p<0.0001). To identify the source of the Genotype by Treatment interaction, two-way 

ANOVA of each Time bin revealed an interaction of Genotype with Treatment on Day 3 in 

response to fentanyl at 20 min post-injection (F1,42=5.05, p<0.05). Post-hoc Welch’s t-test 

corrected for four group-wise comparisons (p<0.05/4=0.0125) indicated that KO mice 

showed a trend towards greater fentanyl-induced locomotor activity than WT mice at 20 min 

(t20=2.62, p=0.0165). Thus, KO mice showed greater FENT-induced locomotor activity (Fig. 

1c) that mirrored the increase previously observed following pharmacological inhibition of 

CSNK1E (Bryant et al., 2012). Although we did not reach our target sample size of n=13 for 

all groups, we achieved 73% power with the sample size of 10–13.

A separate cohort of mice was assessed for MA-induced locomotor activity in the three-day 

paradigm. A mixed design two-way ANOVA (Genotype, Time as repeated measure) of 

Genotypes collapsed across eventual Treatment assignment identified a main effect of 

Genotype on locomotor activity on D1 (F1,162=17.65, p<0.05) and on D2 (F1,162=4.14 

p<0.05). Csnk1e KO mice (collapsed across eventual Treatment assignment) exhibited 

increased total locomotor activity compared to WT mice on D1 (t23=2.72, p<0.05), but not 
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D2 (t19<1) (Figure S1c,d). There was no effect of eventual Treatment assignment on 

distance traveled on D1 (F1,162<1, p>0.05) or D2 (F1,162<1, p>0.05) following SAL 

injections (Fig.1d,e).

A mixed-design three-way ANOVA (Genotype, Treatment, Time as repeated measure) on 

Day 3 identified an effect of Treatment (F1,162=114.37, p<0.05), a Treatment by Time 

interaction (F5,162=2.64, p<0.05) and a Treatment by Genotype interaction (F1,162=6.80, 

p<0.05). Subsequent two-way ANOVA of each Time bin revealed a significant effect of 

Treatment at each Time bin (F1,28=20.04, 74.32, 117.47, 176.41, 179.03, 146.08; p<0.05) 

but no Treatment by Genotype interactions(F1,28<2.5, p>0.05) (Fig.1f). Thus, we were 

unable to replicate our previous report of increased MA-induced locomotor activity in 

Csnk1e knockout mice (Bryant et al., 2012). We believe that this null result is likely due to a 

lack of power as there was clearly a trend toward increased MA sensitivity in KO mice and 

post-hoc t-tests did suggest an increase at the 5 minute time bin (MA-treated KO > MA-

treated WT, t11=1.96; p=0.08). Indeed, because our primary focus in the present study was 

on FENT, the effect size that we used to power these studies was based on the effect size 

obtained from pharmacological inhibition of Csnk1e on FENT-induced locomotor activity, 

which was much larger than the effect size obtained from pharmacological or genetic 

inhibition of Csnk1e on MA-induced locomotor activity (Bryant et al., 2012). Alternative 

explanations could involve the use of a different knockout model from the previous study or 

the use of a different challenge dose of MA (0.4 mg/kg in the present study versus 0.2 mg/kg 

in the previous study) (Bryant et al., 2012).

In both the FENT and MA locomotor studies, Csnk1e deletion increased locomotor activity 

in non-habituated mice on Day 1 (Figure S1) following the first exposure to a SAL injection 

and the first introduction to a novel context (the open field). This result is similar to our 

previous observation of increased locomotor activity on Day 2 in response to SAL in Csnk1e 

KO mice (Bryant et al., 2012). One explanation for the enhancement of locomotor activity in 

both non-habituated SAL-treated Csnk1e KO mice and in acute drug-treated Csnk1e KO 

mice is that Csnk1e deletion has a more general effect of increasing locomotor activity in 

response to novel stimuli and contexts. Thus, although mice receiving drug on Day 3 are 

already habituated to the injection procedure and open field context, the administration of 

drug is a novel experience that could reinstate the neurobiological effect of Csnk1e deletion 

on behavior.

Drug reward in Csnk1e knockout mice

In assessing the effect of Csnk1e deletion on CPP, there was no difference in baseline 

preference in response to saline between KO and WT (t41 < 1, Fig. 2a). In examining 

fentanyl reward, two-way ANOVA (Genotype, Dose) identified a main effect of Dose 

(F3,210=10.37, p<0.001), and a Dose by Genotype interaction (F3,210=2.87, p<0.05). KO 

mice showed enhanced fentanyl CPP at 0.05 mg/kg (t72 = 2.24, p<0.05) compared to WTs, 

providing evidence for an increased potency of FENT reward in KO mice (Fig. 2a). We also 

assessed FENT-induced locomotor activity (D2, D4) in our CPP paradigm. There was no 

main effect of Genotype (F1,210<1) or Genotype by Dose interaction (F3,210<1) (data not 

shown), indicating that the limited size of the activity arena for CPP (one-half the size of the 
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locomotor arena) likely affected the ability to detect effects of Csnk1e Genotype on 

locomotor activity.

In contrast to FENT-CPP, we did not identify any effect of Csnk1e deletion on MA-CPP 

(Fig. 2b). A two-way ANOVA for MA-CPP identified a main effect of Dose (F2,166=6.64, 

p<0.001), but no Genotype by Dose interaction (F2,166<1). As a secondary measure, we 

analyzed MA-induced locomotor activity (D2, D4). There was no main effect of Genotype 

(F1,166<1) or Genotype by Dose Interaction (F2,166<1) (data not shown). Together, these 

results suggest that the effect of Csnk1e deletion is more pronounced for opioid- versus 

psychostimulant-induced behaviors which is in line with the pharmacological results of our 

previous study (Bryant et al., 2012) and human genetic association studies (Hart et al., 2013, 

Levran et al., 2008, Levran et al., 2014, Levran et al., 2015, Veenstra-Vanderweele et al., 
2006). To further assess the role of Csnk1e in mu opioid receptor-dependent behaviors, we 

assessed NAL-CPA (Kirkpatrick & Bryant, 2015, Skoubis et al., 2001) and fentanyl 

analgesia. There was no significant effect of Genotype on NAL-CPA (Figure S2) or fentanyl 

analgesia (Figure S3).

SPF-CPP and consumption in Csnk1e knockout mice

In assessing additional mu opioid receptor-dependent behaviors, we examined the effect of 

Csnk1e deletion on consumption and CPP for SPF, a natural reinforcer. In examining sex 

differences in SPF consumption, a three-way mixed design (Genotype, Sex, Day as repeated 

measure) identified an effect of Genotype (F1,301=58.98, p<0.05), Sex (F1,301=75.19, 

p<0.05), and a Genotype by Sex interaction (F1,301=16.38, p<0.05). Thus, we analyzed all 

subsequent phenotypes separately for females (Fig. 3a, c, e) and males (Fig. 3b, d, f).

Female KOs exhibited increased SPF consumption compared to female WTs (Fig. 3a). In 

stark contrast, no significant effect of Genotype was observed in males (Fig. 3b). In 

examining SPF consumption (% body weight; BW) in females, a two-way mixed design 

ANOVA (Genotype, Day as repeated measure) revealed a main effect of Genotype 

(F1,15=6.96, p<0.05) and Day (F6,96=3.67, p<0.05) but no Genotype by Day interaction 

(F6,96=1.77, p>0.05). Assessment of summed SPF consumption (% BW) over training days 

revealed that female KO mice consumed significantly more than female WT mice (t15=3.05, 

p<0.05; Fig. 3a inset). In examining SPF consumption in males, a two-way mixed design 

ANOVA (Genotype, Day as repeated measure) revealed a main effect of Day (F6,168=6.24, 

p<0.05), but no effect of Genotype (F1,28<1, p>0.05) or Genotype by Day interaction 

(F6,168<1, p>0.05) (Fig. 3b). There was no difference in summed SPF consumption between 

male KO and WT mice (t26<1; Fig. 3b inset).

Slope analysis of the effect of Genotype on escalation in SPF intake confirmed that the 

effect of Csnk1e deletion on SPF consumption was sex-specific; with only Csnk1e KO 

females exhibiting significant escalation over time (Fig. 3c, d). Regression analysis of 

escalation in SPF consumption in females identified a significantly greater slope in 

escalation in KO mice compared to WT mice (F1,10 =9.11, p = 0.005). Conversely, in males, 

there was no difference between KO versus WT mice in the slope of SPF consumption (F1,10 

<1). The lack of escalation in both female and male WTs on a C57BL/6J background 
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replicates our recent study demonstrating no significant escalation in SPF consumption in 

the C57BL/6J substrain (Kirkpatrick et al., 2016).

To test whether sex-specific differences in body weight could account for increased SPF 

consumption in females, we analyzed body weight by two-way mixed model ANOVA 

(Genotype, Day) in females and males separately. There was no effect of Day in females or 

males on body weight (Figure S4) which replicates our previous finding that this limited, 

intermittent access protocol for SPF does not result in weight gain (Kirkpatrick et al., 2016). 

Significant differences in body weight between KOs and WTs were observed in both sexes 

in the same direction, with KO females and males weighing less than WTs (Figure S4). 

Therefore, because both sexes showed similar genotypic differences in body weight, yet only 

female KOs exhibited an escalation in SPF consumption, differences in body weight alone 

cannot account for the female-specific increase in SPF consumption in KOs.

In examining SPF-CPP in females, two-way mixed design ANOVA (Genotype, Subtraction 

Day as repeated measure) identified a significant effect of Genotype (F1,45=12.67, p<0.05), 

but no effect of any particular Subtraction Day (F2,45<1, p>0.05) or interaction of Genotype 

and Subtraction Day (F2,45<1, p>0.05, Fig. 3e). Summed SPF-CPP in females was 

significantly increased in KO compared to WT (t13=2.27, p<0.05; Fig. 3e inset). Thus, the 

effect of Genotype was being driven by an overall increase in SPF-CPP in KO females 

across days, which was in line with increased SPF consumption across days. In examining 

SPF-CPP in males, two-way mixed design ANOVA (Genotype, Subtraction Day as repeated 

measure) identified a significant effect of Genotype on SPF-CPP (F1,81=16.92, p<0.05), but 

no main effect of Subtraction Day (F2,81=2.21, p>0.05) or interaction of Genotype with 

Subtraction Day (F2,81<1, p>0.05, Fig. 3f). Summed SPF-CPP in males was not different 

between KO and WT mice (t24=-1.57, p>0.05; Fig. 3f inset). Thus, in contrast to females, 

the effect of Genotype was being driven by an overall increase in SPF-CPP in WT rather 

than KO males.

To summarize, for females, an increase in SPF consumption in KO mice was associated with 

an increase in SPF reward (Fig. 3e). However, for males, the relationship was not 

straightforward as both genotypes showed very little SPF consumption, yet WT mice 

showed greater SPF-CPP (Fig. 3f).

Transcriptome analysis in striatum of Csnk1e knockout mice

To gain insight into the neurobiological adaptations associated with enhanced opioid 

behavioral sensitivity following Csnk1e deletion, we used transcriptomic analysis via RNA-

seq of striatal tissue. Our RNA-seq analysis yielded an average of 38 million reads per 

sample. We initially employed a standard false discovery rate (FDR) (Benjamini et al., 2001) 

of 5%, which yielded 2600 differentially expressed genes which equates to approximately 

10% of protein-coding genes. Because this gene list was so large and because we employed 

a modest sample size, we chose to use a more stringent criterion of FDR cut-off of 1% to 

reduce the number of potential false positive results. Furthermore, in examining the volcano 

plot (Figure S5), it was clear that the most significantly differentially expressed genes as 

indicated by −logP > 20 did not begin to appear until the logFC values reached 0.15 (1.1 
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FC). Thus, to filter the presumably least biologically relevant genes, we also chose to 

employ a minimum fold-change of 1.1 (Table S2).

We identified 929 differentially expressed genes in KOs versus WTs (451 upregulated, 478 

downregulated DEGs; FDR <1%, FC > 1.1, Table S2). The top DEG identified was Plekhb1 
(1.19 fold-change, p=1.44×10−73).

We repeated our RNA-seq analysis in males only to determine the concordance with the 

larger gene list. We identified 824 differentially expressed genes (Table S4), only 18 of 

which were unique to the males-only analysis (Table S2; Table S1). Although we were 

limited in our sample size, we repeated our RNA-seq analysis in females only to determine 

putative gene expression changes that may underlie sex differences in SPF-CPP 

consumption. We identified 732 differentially expressed genes (Table S5). Interestingly, 

although similar enrichment terms were identified (see below), the female list included only 

159 genes that were on the larger sex-collapsed gene list (Table S2), and thus, 573 genes that 

were unique to the females.

Pathway and enrichment analysis

IPA analysis identified the top network “Nervous System Development and Function, 

Neurological Disease, Organismal Injury and Abnormalities” (score = 46, Figure S6) and 

the second top network “Nervous System Development and Function, Cellular 

Development, Cellular Growth and Proliferation” (score=31, Fig. 4). This network includes 

the top upstream regulator, TCFL72, as a hub gene. TCFL72 was predicted to affect the 

expression of 53 genes in our gene list, and 31 of those genes are represented in this network 

(p-value= 7.05E-19, predicted activation; Fig. 4, Table S6). TCF7L2 (T-cell Specific, HMG-

Box) is a transcription factor and effector of the Wnt signaling pathway that regulates 

peptide secretion and is associated with type 2 diabetes, binge eating in bipolar disorder 

(Cuellar-Barboza et al., 2016) and binge eating in our preclinical model (Kirkpatrick et al., 
2016).

The top molecular and cellular functions categories were: “Cellular Assembly and 

Organization” (113 molecules), “Cellular Function and Maintenance” (114 molecules), 

“Cell Morphology” (124 molecules), “Cellular Development” (127 molecules), and 

“Cellular Growth and Proliferation” (129 molecules; Table S7). The top Physiological 

System Development and Function category was “Nervous System Development and 

Function” (210 molecules). Specifically, there was an enrichment of genes relevant to 

“differentiation of neuroglia” annotation (Predicted activation: increased, z-score=2.034, p-

value=1.84×10−2; Fig.5). Top diseases and disorders category was “Neurological Disease” 

(189 molecules; Table S7). There was an enrichment of genes relevant to the “demyelination 

of nerves” annotation (Predicted activation: decreased, z-score=-2.76, p-value=1.71×10−6).

The top regulator effect network was identified with Fyn and Myoc as the top regulators, and 

Cnp, Pten, Plp1, Pou3f1, and Mbp as the targets (consistency score=2.68, Fig. 5). 

Differential expression of these targets was included in the diseases and function annotations 

“differentiation of neuroglia” “hypomyelination”, specifically by decreasing 

hypomyelination and increasing differentiation of neuroglia.
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Complementary to the IPA results, enrichment analysis using Enrichr (Kuleshov et al., 2016) 

provided further evidence for a role of myelination and axon guidance (Table 1). Enrichr 

identified “ensheathment of neurons”, “myelination”, and “axon ensheathment” as three of 

the top GO biological processes. A top term for GO cellular component was myelin sheath, 

identifying six genes that are enriched in the myelin sheath. In additional, MGI Mammalian 

Phenotype level 4 identified 20 genes that were related to the term “abnormal myelination” 

and 28 genes related to “abnormal glial cell” (Table 1, Table S8). One of the top KEGG, GO 

molecular processes, and Reactome terms identified was “Axon guidance”. In addition, 

“semaphorin receptor activity” was identified as a top GO molecular function annotation and 

“NCAM signaling for neurite growth” was identified as a top Reactome term (Table 1).

We completed enrichment analysis in the 573 genes that were unique to the females-only 

RNA-seq analysis (Table S9). Despite a very different gene list from both the males-only list 

and the sex-collapsed list, similar enrichment terms were identified. Top GO biological 

process term was “axon guidance”, “nervous system development”, and “glycerolipid 

biosynthetic process”. Top mammalian phenotype terms included “abnormal glial cell” and 

“abnormal myelination” (Table S9).

qPCR validation in striatum of Csnk1e knockout mice

We sought to validate our RNA-seq findings in an additional cohort of naïve Csnk1e KOs 

and WTs (Table S1). We did not have enough female samples available to include in the 

analysis (n=1–2); therefore, we used only male samples (n=4–5/genotype). We identified a 

significant difference in expression of Cartpt in the additional cohort (p<0.05; Table S3). As 

a positive control, we assessed expression of Csnk1e using primers that targeted the 2 

deleted exons in the KO (exons 2–3) to confirm that KOs did not express the transcript 

containing these 2 exons.

DISCUSSION

We and others previously identified a role for Csnk1e in regulating the behavioral response 

to multiple abused substances, including ethanol (Perreau-Lenz et al., 2012), opioids (Bryant 

et al., 2012, Wager et al., 2014), and psychostimulants (Bryant et al., 2009a, Bryant et al., 
2012, Palmer et al., 2005, Zhou et al., 2010). Here, we extended the consequences of Csnk1e 
deletion to include enhanced opioid-induced locomotor activity and opioid reward (Fig. 1c, 

2a). The results of FENT-CPP in KO mice are consistent with a leftward shift in the inverted 

U-shaped dose-response curve (Uhl et al., 2014) for opioid reward, with increased reward at 

lower doses (0.05 mg/kg FENT) and decreased reward at higher doses (0.2 mg/kg FENT). 

We hypothesize that increased sensitivity to the counteractive aversive properties of FENT in 

KO mice at the higher dose limits the amount of CPP, thus explaining the decrease in FENT-

CPP observed at 0.2 mg/kg.

In support of our previous observations following pharmacological inhibition of CSNK1E 

(Bryant et al., 2012), the effect of Csnk1e deletion was more pronounced for opioid versus 

psychostimulant behavior (Fig.1c, 2a). Genetic association studies of human CSNK1E 
polymorphisms reported an association of a CSNK1E SNP (rs135745) with amphetamine 

euphoria in humans (Veenstra-Vanderweele et al., 2006) that failed to replicate (Hart et al., 
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2013). On the other hand, associations of CSNK1E SNPs with heroin dependence have been 

identified in in Europeans (rs1534891) (Levran et al., 2008, Levran et al., 2014) and African 

Americans (rs5757037) (Levran et al., 2015). Thus, multiple lines of evidence in mice and 

humans provide increasing support for the importance of Csnk1e in opioid behaviors.

As an additional measure of behaviors associated with rewarding stimuli, we assessed the 

effect of Csnk1e deletion on consumption and reward following limited, intermittent access 

to SPF – a naturally rewarding stimulus. Palatable food consumption has been shown to 

depend on endogenous striatal mu opioid receptor signaling (Difeliceantonio et al., 2012, 

Nathan & Bullmore, 2009). Additionally, opioid receptor antagonists can attenuate 

conditioned place preference for a palatable food-paired environment (Jarosz et al., 2006). 

Because the behavioral responses to palatable food depend on the endogenous opioid system 

and because we observed enhanced reward with a mu opioid receptor agonist, we 

hypothesized that Csnk1e deletion would result in increased SPF consumption and reward. 

Csnk1e deletion did indeed induce an increase in SPF consumption and reward (SPF-CPP) 

but only in female KO mice and not in males (Fig 3) which suggests additional mechanisms 

beyond opioid signaling.

Sex differences in binge eating have previously been reported in humans and in rodent 

models, with women being at greater risk for bing eating disorder than men and female 

rodents showing a more rapid escalation and larger amount of food intake, in particular with 

SPF, than male rodents (Ames et al., 2014, Asarian & Geary, 2013, Kirkpatrick et al., 2016, 

Klump et al., 2017). However, we are unaware of any previous studies reporting sex-specific 

genetic polymorphisms associated with risk for binge eating. Both organizational and 

activational effects of gonadal hormones, including estrogen, have been proposed to underlie 

increased binge eating in females (Klump et al., 2017). Interestingly, the closely related 

isoform casein kinase 1 delta phosphorylates estrogen receptor alpha to influence 

transcriptional activity (Giamas et al., 2009). Because the epsilon and delta isoforms are 

closely related isoforms of CK-1 that share a highly conserved kinase domain (Knippschild 

et al., 2005), CSNK1E could also potentially interact with ERalpha. Activation of ER-alpha 

can inhibit binge-like eating in mice (Cao et al., 2014) and increased circulating levels of 

estrogen have been negatively associated with binge eating in women (Klump et al., 2017). 

Furthermore, CSNK1E variants have been correlated with serum testosterone levels in 

humans (Chu et al., 2008). Thus, Csnk1e could potentially post-translationally regulate 

estrogen receptors and/or sex hormone levels during development, adolescence, or adulthood 

(e.g., during estrus cycle) to increase binge eating in females.

To identify molecular adaptations associated with increased susceptibility to opioid and 

binge eating behaviors in KOs, we completed striatal transcriptome analysis via RNA-seq in 

naïve KO versus WT mice. Enrichment analysis identified genes relevant to myelination and 

axonal guidance (Table 1). Pathway analysis also highlighted Tcf7l2, a transcription factor 

involved in Wnt signaling (Welters & Kulkarni, 2008) and myelination (Zhao et al., 2016), 

as a top upstream regulator (Fig. 4). The predicted upstream regulator is based on an 

enrichment score derived from genes in the literature associated with Tcf7l2 expression, 

rather than differential expression of Tcfl2 transcript. A change in protein expression of 

TCF7L2 could ultimately account for the change in transcription of these enriched, 
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differentially expressed genes. We recently identified Tcf7l2 as a top upstream regulator 

associated with compulsive binge-eating-induced changes in striatal expression of genes 

involved in myelination (Kirkpatrick et al., 2016). There is a growing appreciation for the 

importance of glia cells and in particular, myelin-producing oligodendrocytes in the 

neurobiology of addiction (Miguel-Hidalgo, 2009). White matter defects are associated with 

numerous neuropsychiatric disorders and conversely, alterations in oligodendocryte 

signaling can affect dopaminergic function and psychostimulant-induced locomotor activity 

(Roy et al., 2007).

GSK3B was identified as a top PPI hub protein via analysis with the Enrichr tool (Table 1) 

(Kuleshov et al., 2016). Csnk1e is a positive regulator of the Wnt signaling pathway 

(Sakanaka et al., 1999) that phosphorylates substrates such as disheveled, axin, and Tcf-3 

(Cheong & Virshup, 2011, Yim & Virshup, 2013). Furthermore, GSK3B in the 

hypothalamus has been shown to play a crucial role in regulating food intake and glucose 

metabolism in leptin-deficient mice (Benzler et al., 2012) as well as opioid-induced 

tolerance (Parkitna et al., 2006) and opioid-induced apoptosis (Xie et al., 2010) and mu 

opioid receptor agonist-induced membrane expression and trafficking of glutamate receptors 

during opioid-induced hyperalgesia (Li et al., 2014, Yuan et al., 2013, Zhang et al., 2014). 

Thus, our observations reveal perturbed regulatory and signaling pathways associated with 

Csnk1e deletion that could contribute to increased sensitivity to mu opioid receptor-

dependent behaviors.

Our previous study did not identify Csnk1e Genotype by Sex interactions in drug-induced 

behaviors (Bryant et al., 2012) and thus, the historical transcriptome dataset in the present 

study was not powered to test for Genotype by Sex interactions. Accordingly, an important 

limitation of our transcriptome results is the smaller sample size when considering just the 

females (n=2=3), which prevented us from identifying sex-specific effects on gene 

expression that could be particularly relevant to differential SPF consumption. Nevertheless, 

in light of the robust Genotype by Sex interaction in SPF consumption, we provide a 

retrospective female-only versus male-only analysis (Table S8, S9); however, this female-

specific analysis should thus be interpreted with caution. Our results, especially in light of 

the emphasis of the National Institutes of Health on the inclusion of Sex as a biological 

variable (Miller et al., 2017), necessitate a comprehensive transcriptome analysis of females 

versus males in multiple brain regions throughout multiple developmental time points to 

inform molecular mechanisms mediating female-specific Csnk1e effects on binge eating. 

Furthermore, additional variables will need to be considered to address female-specific 

mechanisms of Csnk1e deletion on behavior (e.g., sex hormone levels and estrus phase) 

(Culbert et al., 2016, Klump et al., 2017). Clearly, a separate line of investigation is 

warranted in determining the mechanisms underlying the robust enhancement of Csnk1e 
deletion on female-specific binge eating. More generally, future efforts should be aimed 

toward identifying additional gene by sex interactions in binge eating and the genomic 

influence of sex hormones in mediating these interactions.

Our findings provide increasing support for Csnk1e in negatively regulating mu opioid 

receptor-dependent behaviors that are relevant to substance abuse and enriched biological 

pathways that could potentially bridge Csnk1e genotype with behavior. Previous studies 
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have focused primarily on dopamine signaling molecules, including dopamine- and cAMP-

regulated phosphoprotein-32 kDa (DARPP-32), in mediating CK-1 effects on drug behaviors 

(Bryant et al., 2009a, Levran et al., 2014, Li et al., 2011, Palmer et al., 2005). Our study 

utilized an unbiased transcriptomic approach to identify molecular pathways associated with 

Csnk1e deletion and changes in opioid and binge eating behaviors. Interestingly, with the 

exception of Csnk1e and one other gene (Ankk1), we did not identify differences in 

“dopamingeric pathway genes” previously ascertained for their association with heroin 

addiction, including Comt, Dbh, Ddc, Drd1, Drd2, Drd3, Drd4, Drd5, Ppp1r1b, Slc6a3, and 
Th (Levran et al., 2014). Our findings suggest additional molecular mechanisms, including 

changes in Wnt signaling and myelination that could underlie behavioral effects of Csnk1e 
deletion on drugs of abuse and natural rewards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased opioid and psychostimulant sensitivity in Csnk1e knockout mice
(a,b): Distance traveled in the three day locomotor activity paradigm is shown for the 

response to saline on Days 1 and 2 (SAL; D1, D2). To increase our power in detecting an 

effect of Genotype for D1 and D2, we collapsed across eventual Treatment assignment and 

identified an increase in locomotor activity in KO mice on D1 and D2 (see Fig. S1a,b). (c): 
On Day 3 (D3), FENT-treated KO mice exhibited increased locomotor activity relative to 

FENT-treated WT mice. (d, e): Distance traveled in the three day locomotor activity 

paradigm in response to SAL on D1 and D2. To increase our power in detecting an effect of 

Genotype for D1 and D2, we collapsed across eventual Treatment assignment and identified 

an increase in locomotor activity in KO mice on D1 but not on D2 (see Fig. S1c,d). (f): On 

D3, there was no significant effect of Csnk1e deletion on MA-induced locomotor activity. 

Data are represented as the mean ± SEM; KO= Csnk1e knockout, WT= wild-type 
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littermates, SAL= saline, FENT= fentanyl, MA= methamphetamine, m= meters, 

min=minutes.
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Figure 2. Increased opioid reward in Csnk1e knockout mice
(a): KO mice exhibited increased FENT-CPP at the 0.05 mg/kg dose relative to WT mice. 

(b): In contrast, there was no effect of Genotype on MA-CPP. Data are represented as the 

mean ± SEM, *=p<0.05; Reward was measured via change in time spent on the drug-paired 

side on D8 versus D1), KO= Csnk1e knockout, WT=wild-type, FENT= fentanyl, 

MA=methamphetamine, m= meters, s= seconds, i.p.=intraperitoneal.
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Figure 3. Female-specific increase in SPF consumption in Csnk1e knockout mice
Because there was an interaction between Genotype and Sex, we present separate analyses 

for females (a, c, e) and males (b, d, f). (a, b): SPF consumption (% BW) was analyzed 

across training days and using summed SPF consumption (inset). Female KO mice 

consumed more SPF relative to female WT. For males, there was no effect of Genotype. (c, 
d): Slope analysis was completed for SPF consumption across training days. Female KO 

mice exhibited a significantly greater slope in escalation of SPF consumption that female 

WT mice (p = 0.005). Top slope value (m=) indicates KO slope, bottom slope value (m=) 
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indicates WT slope. (e, f): Change in time spent of the SPF-paired side (SPF-CPP) was 

analyzed across assessment days and also using summed SPF-CPP (inset) Female KO mice 

showed increased SPF-CPP relative to WT mice. Data in a, b, e, and f are represented as the 

mean ± SEM, *=p<0.05; SPF= sweetened palatable food, % BW= represented as a 

percentage of body weight, CPP= conditioned place preference (change in time on the SPF-

paired side relative to D1), KO= Csnk1e knockout, WT=wild-type, D# - D1 = D8-D1, D15-

D1, D22-D1.

Goldberg et al. Page 24

Genes Brain Behav. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. “Nervous System Development and Function, Cellular Development, Cellular Growth 
and Proliferation” IPA network includes top upstream regulator
(a, b): A top IPA network includes TCF7L2 as a hub, with 5 down-regulated genes (green) 

and 28 up-regulated genes (red) (Score=31). Genes in the network diagram that lack any 

color were included by the IPA algorithm to facilitate connectivity. IPA=Ingenuity Pathway 

Analysis, P=p-value, FC=fold-change, FDR= false discovery rate.
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Figure 5. Top regulator effect network predicts increased differentiation of neuroglia and 
decreased hypomyelination
(a, b): Regulator effect networks link upstream regulators with downstream gene expression 

changes, and hypothesized phenotypic effects. Upstream regulators, FYC and MYOC, affect 

the expression of 5 genes (CNP, PTEN, PLP1, POU3F1, MBP) which lead to increased 

differentiation of neuroglia and decreased hypomyelination. P=p-value, FC=fold-change, 

FDR= false discovery rate.
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