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Abstract

Disruptive or excessive repetitive motor patterns (stereotypies) are cardinal symptoms in numerous 

neuropsychiatric disorders. Stereotypies are also evoked by psychomotor stimulants such as 

amphetamine. The acquisition of motor sequences is paralleled by changes in activity patterns in 

the striatum, and stereotypies have been linked to abnormal plasticity in these reinforcement-

related circuits. Here, we designed experiments in mice to identify transcriptomic changes that 

underlie striatal plasticity occurring alongside the development of drug-induced stereotypic 

behavior. We identified three schedules of amphetamine treatment inducing different degrees of 

stereotypy and used bulk RNAseq to compare striatal gene expression changes among groups of 

mice treated with the different drug-dose schedules and vehicle-treated, cage-mate controls. Mice 

were identified as naïve, sensitized, or tolerant to drug-induced stereotypy. All drug-treated groups 

exhibited expression changes in genes that encode members of the extracellular signal-regulated 

kinase (ERK) cascades known to regulate psychomotor stimulant responses. In the sensitized 

group with the most prolonged stereotypy, we found dysregulation of 20 genes that were not 

changed in other groups. Gene set enrichment analysis indicated highly significant overlap with 

genes regulated by neuregulin 1 (Nrg1). Nrg1 is known to be a schizophrenia and autism 

susceptibility gene that encodes a ligand for Erb-B receptors, which are involved in neuronal 

migration, myelination and cell survival, including that of dopamine-containing neurons. 
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Stimulant abuse is a risk factor for schizophrenia onset, and these two disorders share behavioral 

stereotypy phenotypes. Our results raise the possibility that drug-induced sensitization of the Nrg1 

signaling pathway might underlie these links.
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INTRODUCTION

All known drugs of abuse are thought to potentiate dopaminergic signaling (Sulzer, 2011) 

and to activate striatal projection neurons that express the D1 dopamine receptor (Bertran-

Gonzalez et al., 2008). This activation is also dependent on expression of the D2 dopamine 

receptor (Solis et al., 2021), consistent with the involvement of both D1 and D2 dopamine 

receptor subtypes in normal behavioral responses to psychomotor stimulants (Capper-Loup 

et al., 2002). This dopamine signaling, normally evoked in relation to motivationally salient 

contexts and reinforcement-based learning, is associated with highly repetitive behaviors 

that are induced by drugs of abuse in humans and in other species. Locomotor behaviors that 

typically occur after low-dose exposure, and bouts of confined stereotypic behaviors that 

typically occur after higher dose exposure, have been recognized as potential signatures of 

ventral striatal activation (hyper-locomotion) and dorsal striatal activation (stereotypies), 

respectively (Schiorring, 1971; Dickson et al., 1994). The dorsal striatum, the input nucleus 

for major basal ganglia output pathways, is a key modulator of reward-based learning, action 

initiation and the automatization of motor routines (Besson et al., 1990; Gerfen et al., 1995; 

Yan et al., 1999; Barnes et al., 2005; Yano & Steiner, 2007; Graybiel, 2008; Yin et al., 2009; 

Desrochers et al., 2015). Hence the actions of amphetamine and related psychomotor 

stimulant drugs are thought to alter key balances in striatal signaling, leading to excessive, 

abnormal versions of the normal functions of these circuits in reinforcement learning, habit 

formation and motivational control.

Abnormally repetitive, stereotypic motor and cognitive behaviors are symptoms common to 

numerous neuropsychiatric disorders including schizophrenia, bipolar disorder, drug 

addiction, L-DOPA-induced dyskinesia, obsessive-compulsive disorder, Huntington’s 

disease and autism (Angrist et al., 1974; Canales & Graybiel, 2000; Yui et al., 2000; Geyer 

& Ellenbroek, 2003; Henry et al., 2003; Hollander et al., 2005; Volkow et al., 2006; Lewis et 

al., 2007; Langen et al., 2009). Amphetamine-induced stereotypies, the focus of the work 

reported here, have been extensively examined as potential models for repetitive behavior 

exhibited in some of these disorders, and as one model of the addictive potential of 

dopamine-receptor agonist drugs.

Amphetamine can increase extracellular dopamine by inhibiting dopamine transporter 

reuptake, by potentiating dopaminergic neuron activity and, at high concentrations, by 

directly driving release via reverse-transport (Fleckenstein et al., 2007). Drug-induced 

hyperactivity and stereotypies are blocked by antagonism of D1- and D2-type dopamine 

receptors (Capper-Loup et al., 2002), and D2-type dopamine receptor antagonists are 
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prescribed as anti-psychotic and anti-manic medications (American Psychiatric Association, 

2013; Tyler et al., 2017). These convergent findings support the view that habit-forming 

drugs overtake molecular mechanisms associated with reward-based learning and habit 

formation (Berke & Hyman, 2000; Hyman et al., 2006; Jedynak et al., 2007; Graybiel, 2008; 

Ostlund & Balleine, 2008; Redish et al., 2008). This view is in accord with evidence that 

with repeated drug exposure, the behavioral responses become stronger, a phenomenon 

known as sensitization, and others become weaker, referred to as tolerance to the drug.

Gene expression responses to drug exposure are also known to change with repeated 

treatment (Moratalla et al., 1996). However, most of these changes in drug-induced gene 

expression identified in the brains of drug-sensitized animals are not maintained as baseline 

differences for more than a few days after drug withdrawal, without further drug exposure. 

Thus, changes in transcription initiation and RNA stabilization may be key mechanisms 

underlying the plasticity of drug-induced gene induction. Accordingly, exposure to drugs of 

abuse has been shown to impact chromatin methylation state (Berke & Hyman, 2000; 

Yuferov et al., 2005; Nestler, 2014). Changes in early-gene transcription factor expression 

and other changes in gene expression following repeated amphetamine and related drug 

treatments have been documented to correlate highly with the development of confined 

stereotypical behaviors, and these have been shown to include imbalances in immediate 

early gene induction in striosomes, relative to the extrastriosomal matrix compartment of the 

striatum, (Besson et al., 1990; Steiner & Gerfen, 1995; Berke et al., 1998; Yan et al., 1999; 

Berke & Hyman, 2000; Canales & Graybiel, 2000; Vanderschuren et al., 2002; Saka et al., 

2004; Schwendt & McGinty, 2010; Horner et al., 2012; Jedynak et al., 2012; Crittenden et 

al., 2016; Crittenden et al., 2017). A whole-transcriptome approach to identifying changes 

specifically associated with stereotypy has, however, been lacking.

To identify transcriptional changes that are specifically associated with stereotypy, we first 

defined amphetamine-treatment schedules that induced significantly different levels of 

stereotypy: minimal stereotypy (acute treatment), prolonged and confined stereotypy with 

orofacial features (7 daily treatments), and brief stereotypy that was curtailed by locomotion 

(21 daily treatments). To identify RNA transcripts that are poised immediately to respond to 

psychomotor stimulant treatment, and thus possibly to influence the intensity of the 

behavioral response to such treatments, we then harvested striatal tissue 20 min after D-

amphetamine injection and compared transcriptomic data across the differently treated 

groups. Our results demonstrate plasticity in the overall pattern of the striatal transcriptomic 

response in the mice exposed to acute, intermediate or prolonged repeated treatments. We 

also demonstrate that among these changes are sets of genes whose expression is correlated 

with peak levels of stereotypy, including genes overlapping with Nrg1-regulated genes. 

Genes with expression changes that occurred specifically on the day with the most severe 

stereotypy, and that also were not observed upon acute or prolonged treatments associated 

with tolerance to the induction of stereotypies, are candidates for genetic susceptibility to 

pathological motor habits rendering animals susceptible to relapse. These candidate genes 

should be considered for the identification of gene networks underlying neuropsychiatric 

disorders with symptoms of extreme repetitive behaviors.
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MATERIALS AND METHODS

Mice

All experimental procedures were performed in strict accordance with the Committee on 

Animal Care at the Massachusetts Institute of Technology (MIT), which is accredited by 

AAALAC International and followed the United States Public Health Service Guide for 
Care and Use of Laboratory Animals. Male 129Sv/Jae S4 mice between 8 and 10 months of 

age were used (n = 30 total). Mice were tested during the light phase and were maintained 

group-housed under a standard light/dark cycle (lights on at 7 am and off at 7 pm) with free 

access to food and water.

The locomotor and videotape/stereotypy data presented are from 12 sibling mice. For tissue 

extraction and RNAseq, 18 sibling mice were included, with 3 mice in each of 6 treatment 

groups: 1 day amphetamine or vehicle, 7 days amphetamine or vehicle, 21 days 

amphetamine or vehicle. A flowchart depicting the workflow is shown in Figure 1. Mice that 

showed signs of severe illness were excluded from the study; no mice were excluded for 

outlying data.

Drug preparation

D-amphetamine hemisulfate salt (Sigma) was dissolved in 0.9% saline just prior to use and 

injected, i.p., at 10 ml/kg for a total daily dose of 7 mg/kg. Saline (0.9%) was administered 

to controls.

Drug treatment and behavioral analyses

The timeline of drug treatments is shown in Figure 1. Drug injections and behavioral 

analyses were similar to previously described experiments (Crittenden et al., 2014). 

Behavior was assessed between 10 am and 5 pm in two sequentially treated groups of mice 

that were balanced for drug vs. vehicle treatment. Locomotor activity was measured in 

square chambers (25.4 x 25.4 cm) with transparent plastic walls and a solid plastic floor 

(TruScan monitor, Coulbourn Instruments). Photobeams were spaced at 1.52 cm intervals 

for a reported spatial resolution of 0.76 cm. Coordinate position data of the mice were 

recorded every 0.1 sec by the TruScan software. Distance traveled was automatically 

calculated by the TruScan software from floor-plate beam breaks. On test days, mice were 

placed into the monitors, were given 20 min to habituate, and then were injected with D-

amphetamine or vehicle and left in the chamber for an additional 140 min. Owing to 

equipment failure, on D-amphetamine treatment day 16, data were missing for 6 of the 12 

mice. All of the mice for all of the experiments were habituated to saline injections in the 

activity monitor chambers for three days prior to the beginning of behavioral measurements 

or of tissue collection.

For observational measurements of stereotypy and locomotion, mice were videotaped for 2 

min beginning at 80 min after injection, and behaviors were subsequently rated by a rater 

blinded to genotype and treatment day with JWatcher™ v.1.0 (University of California, Los 

Angeles, and Macquarie University, Sidney, Australia) (http://www.jwatcher.ucla.edu/; 

Crittenden et al., 2014). The duration and frequency of each of the following behaviors were 
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scored with a keypad in real time as the rater watched each videotape. Separate keys were 

assigned for: sniffing air, sniffing air whilst confined, sniffing floor, sniffing floor whilst 

confined, sniffing wall, sniffing wall while confined, any confined stereotypy, slow 

locomotion, medium locomotion, and fast locomotion. Measurements were compared across 

days by 2-tailed, paired t-tests. To analyze place preference, the coordinate position data, 

computed every 0.1 sec by TruScan software, were converted to radians with the center of 

the chamber as the origin. A histogram of angular location relative to the center of the 

chamber was made for the time before and after the D-amphetamine injection. These activity 

histograms were compared to the averaged histogram of either pre- or post-injection activity 

across the first 21 days of amphetamine treatment using Pearson’s correlation coefficient.

A random effects state-space model (Smith et al., 2005) was used to evaluate the distance 

traveled across days at the 80-85 min post-injection time bin. This pair-wise comparison 

method is more appropriate than the Student’s t-test because it takes into account that the 

distance traveled measurements across days are not independent variables. At a given time 

post injection, tpi , data were nm(tday), where m was the mouse number (m = 1,…,12) and 

tday was the day the measurement was taken (tday = 1,…,15,17,…,21 and 61). Distance 

traveled values on day 16 and days 22-60 were predicted, since there were no data. We 

assumed there was a common hidden state x(tday) which followed a random walk such that 

x(tday) ~ N(x(tday−1),τ1), where τ1 was the estimated precision. Each animal’s observations 

were related to the hidden state using nm(tday) ~ N(exp(βmd + x(tday)),τ), where βmd ~ 

N(β0d, τβd) (m = 1,…,12) and β0d = 0 (this is equivalent to using a lognormal distribution). 

The population state is N(exp(β0d + x(tday)), τ). Priors on precision were assumed to be 

inverse gamma with parameters 1 and 0.1. The WinBUGS code (Lunn et al., 2009) used is 

shown below.

Model{  

for (t in 1:T) {

                 x1[t]    ~   dnorm( mu1[t], tau1 ) ;

     for (j1 in 1:J1) {

                 n1[j1, t] ~  dnorm(p1[j1, t], tau2) ;

                 log(p1[j1, t]) <-  beta1[j1]+x1[t]; 

       }

}

mu1[1] ~ dunif(0,100);

for  (j1 in 1:J1) {

      beta1[j1]  ~  dnorm(beta01, taub1);

}

for (t in 2:T) {

             mu1[t] <- x1[t-1] 

                    }

for (t in 1:T) { 

   log(pPop1[t]) <- beta01+x1[t]

}
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tau1    ~   dgamma(1,0.1)   

tau2    ~   dgamma(1,0.1)    

taub1  ~   dgamma(1,0.1)   

beta01 <- 0 #~ dunif(−1000,1500)

 }

Tissue isolation and RNA preparation

Groups of age-matched, sex-matched, and group-housed sibling mice were treated with 

saline or D-amphetamine in the activity monitors, exactly as described for the behavioral 

analyses except that only morning treatments were administered. The two groups of mice, 

one for behavioral and one for transcriptomic analyses, were necessarily separate groups 

because the behavioral analyses continued for 85 min after drug injection, whereas brain 

tissue for transcriptomics was harvested 20 min after the last saline or D-amphetamine 

injection. The mice were removed from the activity monitor and were given a lethal dose of 

Euthasol (pentobarbital sodium and phenytoin sodium; Virbac AH, Inc.). Within 5 min, the 

striatum of each hemisphere, dorsal to the anterior commissure, was dissected on a cold 

plate and frozen on dry ice. Frozen tissue samples were homogenized in Tri Reagent 

(Sigma), and RNA was precipitated using chloroform and isopropanol. RNA was purified 

with the RNEasy kit (Qiagen, Inc.) and DNAse-treated (Qiagen, Inc.), according to the 

manufacturer’s instructions. RNA integrity values based on Bioanalyzer data (Agilent 

Technologies Inc.) were between 7.8 and 9.0 for all samples. Total RNA from each mouse 

was submitted to MIT’s BioMicro Center for poly(A) RNA selection, fragmentation and 

cDNA generation with the TruSeq RNA Sample Preparation Kit (Illumina, Inc.), performed 

in parallel for all samples. Size selection and DNA preparation were completed on the 

SPRIworks system (Beckman Coulter, Inc.). The samples were then enriched with 16 cycles 

of PCR prior to loading on the flow cell for sequencing by the HiSeq2000 (Illumina, Inc.). 

Samples were multiplexed to run 9 samples on a single lane, and samples were then 

distinguished based upon their unique bar-code sequence. Each sequence read was single-

ended and approximately 40 base pairs in length.

RNAseq analysis

RNAseq analysis was done according to the procedure described in Vashishtha et al. 

(Vashishtha et al., 2013). Reads were mapped to the mm9 version of UCSC known genes 

(http://genome.ucsc.edu/). To measure transcript abundance, the number of sequence reads 

in constitutive exons in the coding sequence of a gene were summed and then were 

normalized to account for gene length and depth of sequencing, according to the total reads 

per kilobase of transcript (based on mm9 model exons) per million mapped reads (RPKM). 

Thus, changes in constitutive exons, but not splice-form-specific changes, were identified. 

Raw counts were evaluated for differential expression by using R package DESeq with a 

10% false discovery rate cutoff and log2 difference of 0.5 between amphetamine- and saline-

injected mice. Outliers were further excluded by restricting the residual variance quotients to 

less than 10. Heatmaps representing gene expression were generated in Morpheus (Gould) 

from RPKM values.
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For each of the 18 dorsal striatal samples submitted for RNA sequencing, 12–21 million 

base pairs were sequenced. For each sample, approximately 80% of the sequence reads were 

exonic and mapped to a unique site in the genome, approximately 1% mapped to intronic 

regions, and fewer than 0.1% mapped to intergenic regions. A total of 18,670 genes were 

queried and 11,200 had RPKM > 1 in at least one sample (GEO accession number 

GSE157913). Comparisons for genes with RPKM < 1 in all samples were considered 

unreliable (Conesa et al., 2016) and are not reported.

RESULTS

Sensitization to early-phase and late-phase locomotion induced by D-amphetamine

To measure how responses to amphetamine change with repeated exposures, we 

administered daily injections for 21 days and focused on day 1 (first time exposure), day 7 

(sensitizing exposure) and day 21 (tolerance-inducing exposure) (Figure 1). All mice 

developed sensitization to repeated D-amphetamine injections and showed a classic triphasic 

motor response consisting of initial fast ambulation (early-phase locomotion) followed by 

confined stereotypic behaviors (stereotypy phase) that subsequently gave way to locomotion 

(late-phase locomotion) as the drug effect wore off. The average duration and intensity of 

these behaviors changed across days with repeated treatments (Figure 2a - c). On day 1 of 

D-amphetamine treatment, the average locomotor response to amphetamine consisted of a 

slow rise that peaked at about 40 min (Figure 2a, b). However, by the second day of 

treatment, most of the mice already exhibited sensitization relative to day 1 in that they 

began locomoting sooner after drug injection (Figure 2a, b), averaging 18 meters within the 

first 10 min after drug injection (Figure 2a) and an individual peak rate of 57 meters/10 min, 

compared to a peak locomotion rate of 20 meters/10 min on day 1 (Supporting Information 

File S1). The mice also exhibited strong sensitization of the late-phase locomotor effects 

(Figure 2a - c). By day 7, the mice, as a group, traveled significantly more during this late-

phase period than on days 1 and 2 (Figure 2b). Inter-animal differences in the rates of 

sensitization were notable even in these age- and sex-matched sibling mice in an isogenic 

genetic background (Figure 3). Despite their differences, however, late-phase locomotion 

was evident only after the first week of treatment in most of the mice (Figure 3).

After 21 days of daily D-amphetamine injections, the mice were maintained drug-free in 

their home cages for 40 days of withdrawal prior to receiving one last challenge dose (7 mg/

kg). On the challenge day, the mice exhibited a sensitized early-phase locomotor response to 

amphetamine in that they locomoted significantly more within the first 5 min post-injection 

on challenge day than on acute treatment day 1 (Figure 2a - c). By contrast, on challenge day 

the late-phase locomotor peak was delayed and significantly lower than on day 21 (Figure 

2c), indicating that sensitization to the late-phase locomotor response only became evident 

later in treatment and was not maintained during withdrawal.

Heat maps of the distance traveled data illustrate the progressive earlier onset of the late-

phase locomotion after the first week of treatment (Figure 2a). We tested on which treatment 

day the late-phase locomotion became significantly greater than previous days by comparing 

the distance traveled at the 80–85 min time bin, for which we also had videotape data. For 

this analysis, we designed a random effects state-space model (Smith et al., 2005) that 
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accounts for co-variation of distance traveled across days (See Materials and Methods). The 

model indicated that, beginning on treatment day 9, there was a significant increase in 

distance traveled at the 80–85 min time bin after D-amphetamine injection, relative to all of 

the earlier treatment days (Figure 4a, b). The results were similar for times post-injection 

that flanked this time bin. This level of significantly increased late-phase locomotion was 

maintained throughout the repeated treatments to day 21. On challenge day, after the 40-day 

drug hiatus, the locomotion during this post-injection time bin was significantly lower than 

on treatment days 9–21 (Figure 4b). Altogether, our analyses demonstrate that early-phase 

locomotor sensitization to the drug emerged rapidly and remained stable during the daily 

treatments, and was retained across the withdrawal period. By contrast, the late-phase 

locomotor response emerged later and was not completely maintained across withdrawal.

Sensitization and tolerance to the stereotypy-inducing effects of D-amphetamine

Our analysis of group-averaged distance traveled data, and previous behavioral rating 

experience (Crittenden et al., 2014), suggested that sensitized mice were engaged in 

confined stereotypy during the period between early- and late-phase locomotion. The 

distance traveled data allowed strict quantification of the timing of these phases, and 

suggested that the time spent in confined behaviors became shorter across treatment whereas 

the late-phase locomotion was initiated earlier (Figure 2a and Figure 4b). By the 21st day of 

treatment, the average distance traveled data indicated that mice were transitioning from 

confined stereotypy to resume locomotion at around 80 min after drug injection. We 

confirmed this pattern by observational scoring of videotapes of the mice.

Mice typically appeared hyperactive on D-amphetamine treatment day 1 and engaged in a 

variety of behaviors. As treatment progressed, mice increasingly fell into behavioral 

patterns, including running around the perimeter of the cage and stopping in the corners, 

where they engaged in confined stereotypies, typically sniffing or licking the cage corner for 

prolonged periods in a reared position, before resuming locomotion. We scored videotapes 

of the mice on days 1, 2, 7 and 21, and computed the total time and frequency of each 

observed behavior at 80–82 min after drug-injection (Supporting Information File S2). 

Consistent with the automated distance traveled data, manual scoring showed that the mice 

were traveling less on day 2 and day 7 than they were on day 1 or day 21 (Figure 5a). The 

reduction in locomotion paralleled significant increases in any confined stereotypic behavior 

on both days 2 and 7, relative to days 1 and 21 of drug treatment (Figure 5b). We further 

subdivided the stereotypies by recording the time spent sniffing or licking the wall, the floor, 

or the air whilst in a confined location (Supporting Information File S2). Time spent sniffing 

the wall in a single spot was significantly longer on days 2 and 7, relative to day 1 (Figure 

5c). In summary, our observational scoring of stereotypy and locomotion, along with the 

distance traveled data, are in accord: the stereotypic responses of the mice to successive 

doses of D-amphetamine during prolonged treatment underwent an early sensitization, as 

indicated by an increased response to each dose, followed by a tolerance to the doses, 

indicated by the waning stereotypic responses, and the distance traveled measures mirrored 

these changes over time.
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Cage-location preference for confined stereotypy

The amphetamine-treated mice tended to develop idiosyncratic stereotypies, with 

intermittent bursts of running around the cage to return to the same corner. To test whether a 

given mouse showed a preferred corner for engagement in stereotypy, or whether the 

location preferences changed across days, we computed the angular coordinate of the 

location of each mouse before and after D-amphetamine injection. An example of the results 

for one mouse (Figure 6a) illustrates a pattern of circular running on day 1 and day 21 of 

drug-treatment, with prolonged periods of confined behavior in two different corners on day 

7 and on challenge day. To evaluate the group-averaged behavior of the mice, we defined the 

average coordinate locations across all days, before and after drug injection separately, as a 

mouse’s ‘preferred’ location. We then plotted how correlated a mouse’s position was on any 

given day, before and after injection, to his average preferred pre- or post-injection location 

across all 21 treatment periods (Figure 6b). This analysis showed that, across days, there was 

a higher correlation between the post-injection locations than between the pre-injection 

locations of the mice. In other words, mice under the influence of amphetamine exhibited an 

abnormal preference for one cage location. Thus, consistent with our observations during 

filming of behavior, each mouse had a preferred location for the emission of drug-induced 

stereotypy.

Patterns of striatal gene expression in mice that are naïve, sensitized or tolerant to D-
amphetamine-induced stereotypy

The differences in behavioral response across D-amphetamine treatment days 1, 7 and 21 

provided an opportunity to test for transcriptomic changes that were specifically associated 

with the treatment schedule that induced prolonged stereotypy. To identify gene expression 

changes that might be epigenetically primed to respond immediately after injection, and thus 

be in a position to be translated into proteins by the 80 min time-point at which we found 

sensitization and tolerance of stereotypy, we harvested tissue at 20 min after D-amphetamine 

or saline injection on days 1, 7 and 21 (n = 3 mice for each group, 18 mice total). Thus, 

transcriptomic changes reflected immediate response in transcription and RNA stabilization 

on all of the treatment days, as well as accumulated baseline changes on days 7 and 21.

For each gene, we compared RPKM-normalized sequence counts between the mice treated 

with D-amphetamine for 1, 7 or 21 days (n = 3 in each group) and the entire group of saline-

treated mice (n = 9) (Supporting Information File S3). To identify changes specifically 

related to different drug treatment regimens, rather than to different numbers of restraint and 

injection experiences, we took a conservative approach by eliminating genes that changed in 

any pair-wise comparisons between the three groups of mice treated with saline alone (Table 

1).

In response to the very first D-amphetamine exposure, we found significant expression 

changes for 44 genes, relative to the group of all saline-injected controls, that did not change 

in any saline group comparisons (Figure 7a and Table 2). By the 7th day of D-amphetamine 

treatment, the number of genes with significant expression changes had dropped to 29 and 

now included immediate early genes (Egr1, Egr4 and Nr4a1; Figure 7b and Table 3). On the 

1st and 7th days of D-amphetamine treatment, the majority of significant changes were 
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increases in expression (86% of the 44 genes that were changed on day 1 and 86% of the 29 

genes that were changed on day 7). However, by the 21st day of D-amphetamine treatment, 

only 53% of the 32 significantly changed gene transcripts were up-regulated (Figure 7c and 

Table 4).

Out of 80 genes that were upregulated on any D-amphetamine day vs. saline treatment 

comparison, 12 were changed on more than one drug-treatment day (Table 5). Eleven of 

these genes were upregulated on multiple days and one gene, Spp1 (secreted phosphoprotein 

1, aka osteopontin), was up on day 1, unchanged on day 7 and down on day 21 of drug 

treatment. Of the 11 upregulated changes in common across days, 6 are involved in the 

extracellular-signal regulated kinases (ERKs) cascade pathway that is known to respond to 

treatments that elevate dopamine signaling, including D-amphetamine (Bertran-Gonzalez et 

al., 2008; Ding et al., 2011; Shi & McGinty, 2011; Cirnaru et al., 2019): [Dusp1, Dusp5, 

Dusp6 (Dual Specificity Phosphatases), Prkcd (Protein Kinase C Delta) (Limnander et al., 

2011), Rasd1 (Ras Related Dexamethasone Induced 1, aka Ags1) (Graham et al., 2002) and 

Trib1 (Kiss-Toth et al., 2004)]. Members of other MAP kinase cascades and 

dephosphorylation cascades [Gadd45g, Myd116 (aka Ppp1r15a)] were also changed on 

multiple drug treatment days. Altogether, the majority of the changes that were shared 

across multiple schedules of drug-treatment, representing early responses to acute D-

amphetamine treatment and responses to repeated treatments, were involved in deactivation 

of MAP kinase phosphorylation cascades.

Gene set enrichment analysis to identify pathways related to stereotypy

We evaluated all gene expression changes unique to each drug treatment day (but without 

eliminating genes found to change among saline treatment comparisons) by GSEA 

comparisons to curated gene sets (Subramanian et al., 2005). For day 1, the most significant 

overlap was with genes that were identified, in mouse brain tissue, to have high-CpG-density 

promoters (HCP) bearing histone H3 dimethylation at K4 (H3K4me2) and trimethylation at 

K27 (H3K27me3), a methylation state common to genes expressed in differentiated cells 

(Meissner et al., 2008). The nine overlapping genes in this set were Glipr2, Dusp4, Olig2, 

Plekhf1, Slc2A4, Slc29A4, Map3k6, Cpne7 and T2bp (aka Tifa). Evaluation of the genes 

that were changed only on D-amphetamine treatment day 21 indicated that there were very 

few significant overlaps with curated gene sets, the clearest being 3 upregulated genes 

(Ptgs2, Cyr61 and F2r) that overlap with those in a gene set that is downregulated during 

differentiation of cultured fibroblasts (Burton et al., 2004). Genes with consistent and 

significant changes in the mice that were drug-treated for 21 days included upregulation of 

Arhgap36 (Rho GTPase activating protein 36), which is known to dampen cellular responses 

to cAMP (Eccles et al., 2016), immune system markers [Irak3 (interleukin-1 receptor-

associated kinase 3)] and platelet activators [F2r (coagulation factor II thrombin receptor) 

and Ptgs2 (prostaglandin-endoperoxide synthase 2 aka Cox2)]. Notably downregulated 

genes on day 21 included functional neuronal markers [Grin2a (NMDA glutamate receptor) 

and Npas1 (neuronal PAS domain protein 1)] and Eif2c4 (Ago4), which encodes a member 

of the RNA-induced silencing complex.
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Considering that the most severe and prolonged stereotypy was observed on D-amphetamine 

treatment day 7, relative to days 1 and 21 for which we had comparator RNAseq data, we 

focused on changes that were specific to this gene set. Notable changes that were unique to 

treatment day 7 included upregulation of Th, which encodes tyrosine hydroxylase, a 

synthetic enzyme for dopamine and noradrenalin that is expressed in the terminals of 

dopamine-containing neurons of the substantia nigra, as well as in striatal interneurons. Hhip 
(Hedgehog-interacting protein) was also upregulated uniquely on day 7 and, according to 

transgene-reporter expression, appears to be enriched in the forebrain and in fibers enriched 

in the striatal striosomes (Gong et al., 2003), but is relatively understudied. The associated 

protein Hedgehog is essential for signaling between neurons in the nigrostriatal circuit, and 

conditional deletion of Hedgehog in dopamine-containing neurons results in severe 

neurodegeneration of dopamine-containing neurons in the substantia nigra and interneurons 

of the striatum along with bradykinesia and other motor symptoms (Gonzalez-Reyes et al., 

2012). Nr4a1, which is induced in D1-positive striosomal neurons upon methamphetamine 

treatment (Davis & Puhl, 2011) and mediates cocaine-induced ERK activation (Cirnaru et 

al., 2019), was also upregulated most on day 7 in our study. Upregulation specific to day 7 

was also identified for Exosc9, which encodes a scaffold protein for RNA degradation 

(Vickers & Crooke, 2012).

Notably, by GSEA, the most significant overlap for the genes that were upregulated on high-

stereotypy day 7, but not on low-stereotypy day 1 or 21 of amphetamine treatment, was with 

the Nrg1-responsive gene set (Nagashima et al., 2007) (false discovery rate corrected P = 6 x 

10−4 for day 7 set only and P = 6 x 10−17 for days 1, 7 and 21 gene sets combined). There 

were 12 gene overlaps between the Nrg1-responsive list and those changed on day 7: Egr1, 

Egr2, Egr4 (early growth response 1, 2, 4), Myd116/Ppp1r15a (protein phosphatase 1, 

regulatory subunit 15A), Trib1 (tribbles homolog 1), Per2 (period homolog 2), Dusp1 (dual 

specificity phosphatase 1), Gal (galanin prepropeptide), and the immediate early genes Fos, 

FosB, Nr4a1 and Nr4a3. Overlap of the drug-treatment day 7 upregulated gene set was also 

significant for genes upregulated by ErbB2/HER2 (false discovery rate corrected P = 2 x 

10−7) in a heterologous cell type (Pedersen et al., 2009) — the overlapping genes were Egr1, 

Egr4, Dusp6, Trib1, Gal and Rasd1.

Identification of candidate stress-related genes

Changes related to pathways that are common to both stressful experiences (e.g., restraint 

and saline injection in the activity monitor) and drug-responses might be discovered by 

identifying overlaps in the genes that were changed in both the drug- and saline-treatment 

groups. In the 3 groups of mice treated only with saline, we identified 105 significant gene 

expression differences by pairwise comparisons between 1-day, 7-day and 21-day saline-

treated mice (Table 6). Of these genes, 26 genes were also found to be changed on an 

amphetamine treatment day, including genes previously reported to change in response to 

psychomotor stimulant treatment [Egr2, Fos, FosB, Npas4 and Cartpt (cocaine- and 

amphetamine-regulated transcript protein)]. The most significant changes identified in 

comparisons among saline-treatment groups were in transcripts for Cnr1 (cannabinoid 

receptor 1), Sema7a (semaphorin 7A), Gpr155 (G protein-coupled receptor 155), Nr4a2 
(nuclear receptor subfamily 4, group A, member 2), Nptx1 (neuronal pentraxin 1), Rtn4r 
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(reticulon 4 receptor), Cckbr (cholecystokinin B receptor), Dnahc9 (dynein, axonemal, 

heavy chain 9 containing), Islr2 (immunoglobulin superfamily) and Sez6l (seizure related 6 

homolog).

In addition to identifying gene expression changes common to both drug exposure and 

physical stress, we considered transcripts that were changed in disease models with stress to 

striatal cells. Having previously used the same gene expression pipeline to identify 

differentially expressed genes in mouse models of Huntington’s disease (Vashishtha et al., 

2013), a genetic disorder that causes striatal cell dysfunction and death, we directly 

compared the data. Many of the expression level changes that we report here are opposite to 

those changes that we had previously found in mouse models of Huntington’s disease 

relative to their wildtype controls. There was a significant overlap between genes that were 

changed in the amphetamine-treatment groups and those changed in striatal samples from 

untreated R6/2 Huntington’s disease model mice at 8 weeks of age (hypergeometric P value, 

P = 2.3 x 10−3) and 12 weeks of age (hypergeometric P value, P = 2.7 x 10−4). In the 

comparison to 8-week-old R6/2 mice (a moderately severe disease time-point), we found 4 

gene overlaps (Gal, Nr4a1, Nts, and Traip), all of which were decreased in the R6/2 samples 

and increased in the samples from mice on day 7 of D-amphetamine treatment. In the 

comparison to 12-week-old R6/2 mice (a very severe disease time-point), we found 10 gene 

overlaps [Arl4d (down in R6/2, up in amphetamine day 7), Car10 (up in R6/2, down in 

amphetamine day 7), Cpne7 (up in R6/2, up in amphetamine day 1), Cpne9 (down in R6/2, 

down in amphetamine day 21), Egr1 (down in R6/2, up in amphetamine day 7), Gadd45g 
(down in R6/2, up in amphetamine day 7 and day 21), Gm129 (down in R6/2, up in 

amphetamine day 7), Ngb (up in R6/2, up in amphetamine day 1), Nr4a1 (down in R6/2, up 

in amphetamine day 7), and Plch1 (up in R6/2, up in amphetamine day 1)]. In total, we 

found 13 gene overlaps, and 77% of these genes were changed, relative to controls, in the 

opposite direction in the amphetamine-treated mice and untreated R6/2 mouse model of 

Huntington’s disease. These findings point to subsets of genes with dual vulnerability to 

drug-induced, physical stress-induced and disease-induced changes in the striatum.

DISCUSSION

To survey gene-induction plasticity associated with drug-induced repetitive behaviors, we 

defined amphetamine treatment schedules that induce different levels of stereotypy in mice 

(naïve, sensitized, and tolerant). We found that early gene expression changes in the striatum 

were strikingly different across these behavioral response phases. A multitude of studies 

have been done to identify transcriptional changes in the striatum that are correlated to 

psychomotor stimulant sensitization (Yuferov et al., 2005), but our study design is unique, as 

far as we know, for querying transcriptome-wide changes associated with confined repetitive 

behavior. The drug-induced stereotypy phenotype is viewed as a model for the stereotypies 

observed in neuropsychiatric disorders such as schizophrenia (Angrist et al., 1974; Moran et 

al., 2019). The findings that we report here point toward plausible shared transcriptomic 

mechanisms underlying this cardinal phenotype.
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Measurements of confined stereotypy in naïve, sensitized and tolerant states, and after a 
month-long hiatus followed by challenge

Clear patterns in the behavioral responses to drug and drug withdrawal were evident. In the 

averaged responses, we observed sensitization of stereotypy on day 2 of D-amphetamine 

treatment, consistent with the hypothesis that ‘priming’ of some behaviors occurs after a 

single exposure (Kuczenski & Segal, 1999; Boileau et al., 2006; Chinen et al., 2006). 

Stereotypy was still severe and prolonged on day 7 of drug treatment, but by day 21, the 

duration of the heightened stereotypy was significantly shorter, supplanted by the emergence 

of what has been termed late-phase locomotion, based on studies in rats (Segal et al., 1980; 

Kuczenski & Segal, 1997). The same mice, when challenged after 40 days off treatment, 

maintained and even augmented their sensitized stereotypy responses, flanked by early- and 

late-phase locomotor responses. Thus, the mechanisms that underlie the sensitization to 

amphetamine-induced stereotypy appear to be only temporarily masked, not reversed, by 

prolonged drug treatment inducing tolerance. The challenge, a further exposure to the drug, 

thus reinstates much of the sensitized behavior, as experienced by human drug-users in 

relapse. In humans, monkeys, rats and mice, even after many months of drug-abstinence, 

various sensitized responses to a further drug exposure are still present, supporting the 

notion that sensitization is related to the enduring risk of relapse (Segal et al., 1980; 

Vanderschuren et al., 1999; Berke & Hyman, 2000; Boileau et al., 2006; Vezina & Leyton, 

2009; Valjent et al., 2010; Zhou et al., 2010). Sensitization mechanisms related to the relapse 

of drug habits might be the same as those that underlie the re-emergence of extreme 

repetitive behaviors such as those we have worked to identify here by using both automated 

and observational measures of confined stereotypy.

A general pattern of transcriptomic changes emerged in mice with treatments to induce 
stereotypy sensitization and tolerance

Changes in epigenetic status, transcription initiation and completion, and mRNA stability, 

localization, folding and translation, all impact changes in gene expression (Cheadle et al., 

2005; Rabani et al., 2011). We found changes in transcripts that encode proteins involved in 

mRNA degradation, translation, and microRNA-mediated regulation. Our sequence data 

should reflect polyadenylated RNAs present at ~20 min after D-amphetamine or saline 

injection. For the first amphetamine exposure, the transcript changes relative to saline 

controls should include acute responses to drug injection whereas sequence data from mice 

treated repeatedly with drug would also include steady-state changes from the previous drug 

exposures. Nevertheless, there were fewer significantly changed transcripts on day 7 and day 

21 of treatment than there were on day 1. This pattern is consistent with a progressive 

decrease in overall gene induction across treatments and fits with our finding that most gene 

expression changes on day 1 and day 7 were upregulations, whereas by day 21 nearly half of 

the changed genes were downregulated. One candidate for the downregulation of transcripts 

by day 21 is Exosc9, which is upregulated on day 7 and encodes an exosome protein 

involved in RNA degradation via destabilization of the target mRNAs’ polyA tail and 

facilitation of RNA-induced silencing (Vickers & Crooke, 2012). Eif2c4 (ago4, argonaute 

RISC catalytic subunit 4) was downregulated on day 21, and itself encodes a key component 

of the RNA-induced silencing complex (Quevillon Huberdeau et al., 2017), further 

highlighting RNA regulatory mechanisms in the transcriptomic changes that we found to be 
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evident at only 20 min after drug injection. Amphetamine treatments have been reported 

previously to increase phosphorylation of the translation factor eIF2α, which in turn reduces 

striatal mRNA translation overall, but spares a subset of transcripts, including Myd116 (aka 

Ppp1r15a, Gadd34) (Biever et al., 2016). We found increases in Myd116 on all amphetamine 

treatment days, supporting involvement of this cascade in our study as well.

Our RNAseq results across treatment paint a picture of varied gene upregulation on the first 

day of amphetamine treatment that becomes more specific for upregulation of abundant and 

dynamically regulated immediate early genes by day 7. Several immediate early genes have 

been shown to have increased striosome-to-matrix ratios of expression that are correlated to 

the expression of stereotypy (Graybiel et al., 1990; Moratalla et al., 1996; Canales & 

Graybiel, 2000; Tan et al., 2000; Saka et al., 2004; Crittenden & Graybiel, 2017). This 

pattern of overall downregulation across the large matrix compartment of the striatum and 

strong upregulation of immediate early genes in striosomes is similar to our whole striatum 

RNAseq data in which there was a progressive reduction in overall gene activation across 

days of repeated treatment but very strong upregulation of immediate early genes such as 

Egr1, Egr4 and Nr4a1, in mice with stereotypy-inducing treatments.

The ERK phosphorylation cascade is central to numerous cellular responses throughout the 

body. In the striatum, ERK undergoes dynamic regulation (as measured by its 

phosphorylation status) upon treatment with psychomotor stimulants (Valjent et al., 2005; 

Shi & McGinty, 2011). We found increased expression of multiple genes associated with the 

ERK cascade, relative to controls, in all three groups of amphetamine-treated mice. Most of 

these genes encode proteins that deactivate the ERK cascade, including two in the DUSP 

family of phosphatases, Prkcd and Rasd1 that were both upregulated in multiple 

amphetamine treatment groups. In transcriptomics studies of naïve mice (not drug treated), 

Prkcd and Rasd1 mRNAs have been found to be lowly expressed in striatal projection 

neurons of the dorsal striatum (Gokce et al., 2016; Saunders et al., 2018; Puighermanal et 

al., 2020). However, Puighermanal and colleagues did find Rasd1 mRNA in D2 dopamine 

receptor-positive projection neurons in the nucleus accumbens, a region ventral to the dorsal 

striatum that is strongly activated by drugs of abuse (Valjent et al., 2005). Our findings raise 

the possibility that Rasd1 is expressed de novo in the dorsal striatal projection neurons upon 

exposure to amphetamine.

ERK is also dynamically regulated (as measured by its phosphorylation status) in the 

striatum of mouse models of L-DOPA-induced dyskinesia, in which dopamine-depleted 

animals exhibit a sensitized response to dopamine receptor agonists (Pavon et al., 2006; 

Darmopil et al., 2009;Ding et al., 2011). Moreover, in striatal projection neurons of this 

mouse model, ERK activation is high on day 1, lower on day 7 and lowest after more 

prolonged L-DOPA treatment (Ding et al., 2011). A potential parallel finding in our study is 

that Spp1, a transcriptional reporter of ERK activity status (Lai et al., 2001), was increased 

on amphetamine treatment day 1, unchanged on day 7 and downregulated on day 21. In 

bone development, Spp1 is upregulated by ERK activation to mediate cell adhesion upon 

differentiation (Lai et al., 2001), but its function in the striatum, where it has been found in 

fibroblast-like cells (Saunders et al., 2018), remains unknown.
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Not all of our results, however, are consistent with a progressive downregulation of ERK 

cascade members. For example, Prkcd, which was upregulated in our samples, encodes a 

kinase that has been reported, in B cells, to work together with the striosome-enriched 

molecule CalDAG-GEFII (aka RasGRP) (Kawasaki et al., 1998) to activate ERK 

(Limnander et al., 2011). CalDAG-GEFII is upregulated in striosomes of a rat model of L-

DOPA-induced dyskinesias where it has been proposed as an ERK regulator (Crittenden et 

al., 2009). Thus, reporters for the ERK cascade changed dynamically across acute and 

repeated D-amphetamine treatments and likely involve multiple cell types like in models of 

L-DOPA induced dyskinesia (Pavon et al., 2006; Darmopil et al., 2009; Ding et al., 2011).

Identification of genes that were selectively dysregulated on a day of peak stereotypic 
behavior

Two of the upregulated transcripts that were changed in mice on a day of high stereotypy 

(day 7 of treatment), but not in mice that had not yet become sensitized (day 1) or that had 

developed tolerance (day 21), were Egr1 and Th. Egr1 is highly expressed in striatal 

projection neurons, whereas Th is expressed in interneurons (Saunders et al., 2018). L-

DOPA replacement therapy in parkinsonian mice has been shown to increase the number of 

striatal interneurons that express tyrosine hydroxylase (TH) (Espadas et al., 2012). This is of 

special interest because the pattern of striosome-enriched immediate early gene induction 

that is correlated to amphetamine-induced stereotypy is similar to that observed in dopamine 

agonist-induced dyskinesia in parkinsonian rats (Saka et al., 1999). Whether the number of 

TH-positive striatal interneurons is augmented by amphetamine treatment has not been 

examined to our knowledge. Microdialysis measurements in behaving rats show increased 

dopamine levels in the dorsal striatum of rats exhibiting methamphetamine-induced 

repetitive behaviors, whereas rats subjected to prolonged treatment that induces tolerance to 

stereotypy have diminished dopamine levels (Kuczenski & Segal, 1997). Our results suggest 

that increased Th expression specific to stereotypy sensitization might be responsible for 

these fluctuating dopamine levels (but see Xenias et al., 2015). In adrenal medulla of rats 

that experience immobilization stress, it has been shown that Th and the transcription factor 

Egr1 are upregulated and that Th expression is regulated by Egr1 binding to the promoter 

sequence (Papanikolaou & Sabban, 1999). Considering the strong link between extreme 

stress, stereotypy, and drug relapse, it is possible that our finding of increased Egr1 and Th 
in drug-treated mice is directly related to the ability of Egr1 to drive Th transcription in 

animals exposed to stress.

One of the most notable findings from our study was the over-representation of genes 

responsive to Nrg1 signaling in the striatal samples from the day 7 group mice that exhibited 

prolonged stereotypy. Nrg1, which is expressed in striatal projection neurons (Saunders et 

al., 2018), is a strong candidate gene for schizophrenia (Stefansson et al., 2002; Boileau et 

al., 2006) and encodes an extracellular signaling molecule for ErbB4 (Erb-B2 Receptor 

Tyrosine Kinase 4), a receptor that is expressed, among other places, in dopamine-

containing neurons of the substantia nigra that project to the striatum (Steiner et al., 1999; 

Abe et al., 2009). Transgenic reporters for Nrg1 expression (Gong et al., 2003) show 

enrichment in striosomal neurons, which are known to send direct fiber projections to 

dopamine-containing nigral neurons (Watabe-Uchida et al., 2012; Crittenden et al., 2016; 
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Matsushima & Graybiel, 2020) and Nrg1 stimulation of ErbB4 drives dopamine release 

(Yurek et al., 2004; Skirzewski et al., 2018). Together, these data bring up the highly 

interesting possibility that the upregulation of Nrg1-responsive genes under conditions of 

intense stereotypy drive excess dopamine release. If true, this driving function would have 

direct implications for stereotypy in schizophrenia, in which dopamine release in the 

striosome-rich anterior striatum (Kegeles et al., 2010) and Nrg1 signaling to ErbB4 are 

reported to be abnormally high (Petryshen et al., 2005; Hahn et al., 2006).
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FIGURE 1. 
Timeline of drug treatments, behavioral assessments and tissue collection.
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FIGURE 2. 
Sensitization to amphetamine-induced early-phase and late-phase locomotion occurs at 

different rates. (a) Measurements of distance traveled across the last saline-treatment day 

and following amphetamine-treatment days. Each row shows one day with averaged distance 

traveled measurements in 5 min bins. Injection occurred at time = 0. The average duration of 

confined locomotion, between the early-phase and late-phase locomotion periods, 

diminishes with prolonged treatments but recurs on the challenge day. (b) Average distance 

traveled before and after D-amphetamine injection on day 1 (magenta), day 2 (black), and 

day 7 (green). There was significantly less mid-phase locomotion on treatment days 2 and 7 
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than on day 1 (*P < 0.005 at every point marked in the comparisons between day 1 and day 

7 and between day 1 and day 2). By day 7, the mice showed increased late-phase 

locomotion, relative to day 1 (†P < 0.005 at every point marked in the comparison between 

day 1 and day 7). (c) On the challenge day (orange), mice maintained early-phase 

sensitization, based on their high levels of locomotion within 5 min of drug injection (*P = 8 

x 10−6 by 2-tailed, paired t-test compared to day 1 data shown in panel b and File S1). 

During the late-phase locomotion period, however, the mice showed a diminished locomotor 

response on challenge day than on day 21 (blue) (†P < 0.03). Averages and +SEM across 

mice are shown (n = 12 mice).
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FIGURE 3. 
Heat maps of distance traveled by each mouse, illustrating inter-animal variability in 

sensitization rate. D-amphetamine treatment days 1–21 are shown (day 16 data from some of 

the mice were lost).
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FIGURE 4. 
Model of distance traveled data shows a significant increase in late-phase locomotion 

beginning on D-amphetamine treatment day 9. (a) Distance traveled in the 80–85 min time 

bin across days. The raw data from each of the 12 mice are plotted as gray dots joined by 

lines, with estimates of individual fit to distance traveled (light purple) and group median 

estimate with 90% credible intervals (blue). (b) Day-by-day comparison of the state-space fit 

to the group estimates of distance traveled shown in A. Each point on the surface represents 

the probability that the group estimate on the day shown on the x-axis is higher than the day 

shown on the y-axis. Light colored surface indicates very low probability, and blue highlight 

indicates P < 0.005. Conversely, dark color shows that the day on the x-axis is higher than 

the day on the y-axis near P = 1, and red highlight means P > 0.995.
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FIGURE 5. 
Mice show sensitization to confined stereotypy by day 2 of D-amphetamine injection and 

tolerance by day 21 of treatment. Plots show rating of behaviors during the 80–82 min post-

injection time period for locomotion (a; *P = 0.02, †P = 0.008, **P = 0.01, ††P = 0.01, by 2-

tailed, paired t-tests), any confined stereotypy (b; *P = 0.01, †P = 0.008, **P = 0.004, ††P = 
0.005), and confined sniffing or licking at the wall (c; *P = 0.02, †P = 0.003). Averages and 

+SEM across mice are shown, with individual mice identified by the symbol X.
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FIGURE 6. 
Mice show a preferred location for stereotypy across continuous treatment. (a) Example of 

stationary vs. circling behavior of a single mouse on D-amphetamine treatment days 1, 7 and 

21 and on challenge day. An angular coordinate deflection from −180° to +180° (vertical 

lines) represents a full revolution around the cage. (b) For each mouse, the coordinate 

position data, either before (pre) or after (post) drug injection was plotted against the average 

coordinate position during that time interval across all days and the average correlations 

were plotted. Beginning on the second day of drug treatment, there was a high correlation 

across days for the post-injection period, reflecting a relatively constant favored location. 

The correlation for the pre-injection period was low, indicating that the mice did not have a 

highly preferred location before drug injection. Averages and +SEM across mice are shown 

(n = 12 mice).
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FIGURE 7. 
The heat maps for gene expression changes show the sharpest differences on high-stereotypy 

day 7, and progressively lower proportions of upregulated genes across all days. Each 

column shows results from one mouse for genes that were significantly different in group 

comparisons between saline-treated mice and mice treated with D-amphetamine for 1 day 

(a; modest behavioral response), 7 days (b; prolonged stereotypy response) and 21 days (c; 

strong behavioral response with curtailed stereotypy period) . Genes with RPKM < 1 in all 

samples, or that were changed in any pair-wise comparisons among saline-treatment groups, 

were removed.
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TABLE 1

Genes with significant mRNA expression changes in pair-wise comparisons among habituated mice treated 

with daily saline injections for 1, 7 or 21 days. Genes with RPKM sequence counts fewer than 1 in all samples 

were removed.

Ace Clmp Fxyd6 Islr2 Nr2f1 Ptpn7 Slc16a6 Trhr

Agxt2l1 Clspn Gm11992 Itga5 Nr4a2 Ptprv Slc4a11 Trim66

Ak5 Cnr1 Gng4 Itga9 Nr4a3 Rarg Slc8a1 Trpc3

Atp2b4 Cpne2 Gpr137b Kcna5 Nrn1 Rasl10a Slit2 Txnip

B3galt2 Cpne6 Gpr139 Kctd4 Olfm3 Rgs16 Socs2 Upk1b

Bcl6 Dlx2 Gpr155 Lin7a Otof Rgs4 Stard13 Wbscr17

Btg2 Egr2 Gpr3 Me2 Pdyn Rprm Stat6 Zbtb20

C1ql3 Epop Greb1l Medag Per2 Rtn4r Stx1a

Cadps2 Fabp5 Hap1 Msr2 Phex Rtn4rl2 Sulf1

Camk1g Fam81a Hmgn2 Mycn Pkp2 Ryr1 Sycp1

Cartpt Fhdc1 Htr1d Mylk Plxnc1 S100a10 Syt10

Ccdc72 Fndc9 Htr2a Myo3b Prima1 Scn9a Tmem163

Cckbr Fos Hydin Npas4 Prr36 Sema7a Tmem46

Cldn5 Fosb Irs2 Nptx1 Pter Sez6l Tppp3
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TABLE 2

Genes with significant mRNA expression changes in pair-wise comparisons between habituated mice treated 

with saline and habituated mice treated with 1 injection of D-amphetamine prior to striatal collection. Genes in 

bold font were downregulated and genes in regular font were upregulated in the amphetamine-treated group. 

Genes with RPKM sequence counts fewer than 1 in all samples were removed.

Agxt2l1 Cpne7 Ecrg4 Gbx1 Igfbp6 Nde1 Prkcd T2bp

Axud1 Cyp26b1 Fabp5 Glipr2 Kcnh7 Nfkbia Pvalb Tmem145

Calml4 Cyyr1 Fam216b Gm11992 Lancl3 Ngb Rasd1 Tox2

Camk1g Depp1 Fbln1 Grin2b Map3k6 Nts Rhpn2 Trib1

Cdsn Dnajb5 Fhdc1 H2-Bl Midn Olig2 S100a10 Wars2

Cfap126 Dnali1 Fndc9 Hdc Msr2 Pim1 Slc29a4

Cmtm3 Dusp4 Foxj1 Hspb8 Myd116 Plch1 Slc2a4

Col9a3 Dusp5 Gabrr2 Id1 Myo3b Plekhf1 Spp1
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TABLE 3

Genes with significant mRNA expression changes in pair-wise comparisons of striatal transcriptomes between 

habituated mice treated with saline and habituated mice treated with 7 daily injections of D-amphetamine. 

Genes in bold font were downregulated and genes in regular font were upregulated in the amphetamine-treated 

group. Genes with RPKM sequence counts fewer than 1 in all samples were removed.

Acpl2 Dusp1 Fos Gm5148 Msr2 Plekhg4 Rxfp1 Traip

Arl4d Dusp6 Fosb Gpr3 Myd116 Pomc1 S100a10 Trib1

Asah3l Egr1 Fxyd2 Hhip Npas4 Prss12 Sulf1 Xdh

Car10 Egr2 Gadd45g Medag Nr4a1 Pter Th

Cetn4 Egr4 Gal Midn Nr4a3 Rasd1 Tmem10

Dnajb5 Exosc9 Gm129 Mpzl2 Per2 Rnd3 Tmem46

Eur J Neurosci. Author manuscript; available in PMC 2022 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Crittenden et al. Page 34

TABLE 4

Genes with significant mRNA expression changes in pair-wise comparisons of striatal transcriptomes between 

habituated mice treated with saline and habituated mice treated with 21 daily injections of D-amphetamine. 

Genes in bold font were downregulated and genes in regular font were upregulated in the amphetamine-treated 

group. Genes with RPKM sequence counts fewer than 1 in all samples were removed.

Arghap36 Cyp2s1 Dusp6 Gpr139 Lrrc74b Palmd Rnd3 Tmem46

Btg2 Cyr61 Eif2c4 Grin2a Mlh1 Paqr6 Ryr1 Vamp1

Cartpt Dlx2 F2r Hapln4 Myd116 Pmaip1 Slc25a18 Zfp109

Clmp Dnali1 Fmo2 Hmgcs2 Ndufa3 Prkcd Spp1 Zfp772

Cpne2 Dusp1 Fosb Hspa1a Npas1 Ptgs2 Tac2

Cpne9 Dusp5 Gadd45g Irak3 Oscar Rasd1 Tmc4

Eur J Neurosci. Author manuscript; available in PMC 2022 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Crittenden et al. Page 35

TABLE 5

Matrix of genes that showed expression changes on multiple days of D-amphetamine treatment.

D-amphetamine treatment days

Days 1 and 7 Days 1 and 21 Days 7 and 21 Days 1, 7 and 21

Dnajb5 Spp1 Dusp6 Myd116

Midn Rasd1 Dusp1 Rasd1

Rasd1 Myd116 Gadd45g

Myd116 Dusp5 Rnd3

Trib1 Prkcd Myd116

Rasd1
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TABLE 6

Genes that were changed in amphetamine versus saline comparisons and also in pair-wise comparisons 

between groups of control mice treated with saline only. Genes with RPKM sequence counts fewer than 1 in 

all samples were removed.

Agxt2l1 Cpne2 Fos Gpr3 Nr4a3 S100a10 Clmp

Btg2 Dlx2 Fosb Msr2 Per2 Sulf1 Fndc9

Camk1g Egr2 Gm1192 Myo3b Pter Tmem46

Cartpt Fabp5 Gpr139 Npas4 Ryr1 Fhdc1
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