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ABSTRACT OF THE THESIS 

 

Effects of the Phosphodiesterase 10A Inhibitor AMG 579 and Pde10a2 Isoform Knockout on 

Striatal Regional Medium Spiny Neuron Marker and Immediate-Early Gene Expression in 

Rodents  

 

by 

 

Saumya Ranjan 

 

Master of Science in Biology 

 

University of California San Diego, 2024 

 

Professor Christina Gremel, Chair 

Professor Matthew Banghart, Co-Chair  

 
 

Alcohol use disorder (AUD) has major societal impact and few utilized treatments. New 

molecular targets with therapeutic potential and better understanding of the neurobiology of 

AUD are needed. Chronic ethanol exposure and consumption can lead to neurobiological 

changes in the brain’s reward and motivation systems that are viewed as that perpetuate harmful 

drinking. The development of compulsive drinking putatively involves a shift in striatal control 
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from the NAc to the dorsomedial and then dorsolateral striatum as well as an imbalance between 

the dopamine receptor D1-direct and D2-indirect medium spiny neuron (MSN) pathways, 

whereby overactive dMSNs increase ethanol seeking and drinking behavior and underactive 

iMSNs putatively reduce inhibitory self-regulation. PDE10A is an enzyme of the 

phosphodiesterase enzyme family, a class of enzymes that regulate cellular responses by 

hydrolyzing cAMP/cGMP. PDE10A appears to encode the main PDE isoforms that control 

cAMP and cGMP levels of MSNs in the striatum, and the majority of PDE10A in the mouse 

striatum is the membrane-enriched PDE10A2 isoform. Recent studies suggest that inhibition of 

PDE10A family isoforms with different selective inhibitors can reduce alcohol self-

administration in models of excessive or dependent intake, which has raised interest in PDE10A 

inhibitors as potential treatments for AUD. AMG 579 is a small molecule potent, selective 

PDE10A inhibitor that recently showed promise for its drug-like physiochemical properties (e.g., 

lipophilic efficiency) and ability to dose-dependently reduce ethanol consumption in rats. 

However, it is unknown how AMG 579 alters activation of striatal D1-direct and D2-indirect 

MSN pathways at doses that are considered effective to reduce drinking as well as whether there 

is regional variation or sex differences in these effects. There also is uncertainty as to the specific 

role of the PDE10A2 isoform in the anti-drinking or molecular actions of PDE10A inhibitors like 

AMG 579. 

I decided to test the hypothesis that Pde10a2-knockout mice would show increased 

expression of Drd1, a direct pathway MSN marker, and the immediate-early genes (IEG) Egr1 

and Fos as compared to wild-type (WT) mice reflecting decreased regulation in cAMP due to 

Pde10a2-knockout (KO). I also hypothesized that treatment with the PDE10A inhibitor AMG 

579 would increase IEG expression, similar to what was observed previously with the PDE10A 
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inhibitors MR1916 and TAK-063. Further, I hypothesized that treatment effects seen on IEG 

expression would be in wild-type mice only, which would indicate that the membrane-bound 

PDE10A2 isoform was involved in the ability of the PDE10A inhibitor to alter MSN activation, 

and thus absent in Pde10a2-knockout mice.  These results were expected to be more pronounced 

in the dorsal striatum than the NAc, because PDE10A mRNA and protein are expressed at 

greatest levels in the caudate-putamen, and in male animals more their female counterparts, due 

to previously reported sex differences in synaptic striatal PDE10A levels and activation effects 

of the PDE10A inhibitor papaverine in vitro. 

MSN marker expression was measured using two methods: qPCR to measure overall 

Drd1, Drd2, Penk, Fos, and Egr1 expression and a method of fluorescent in-situ hybridization 

known as RNAscope to measure Drd1, Drd2 and Egr1 expression within Drd1- and Drd2-

positive cell types. qPCR results show that both treatment with AMG 579 and Pde10a2-

knockout decreased expression of Drd1, Drd2, Fos, and Egr1. Pde10a2-knockout seemed to 

reduce Penk expression as well. There were trends that suggested that there was a stronger 

reduction in Drd2 expression in AMG 579 KO mice in males than females but not in expression 

in Pde10a, Drd1, or either of the IEGs.   

RNAscope results showed that Egr1 expression within Drd1- and Drd2-expressing cells 

types as well as undefined cell types decreased as a result of treatment with AMG 579. The DMS 

and, to a lesser extent, the DLS, showed greater significance in Treatment effect than the NAc. 

Treatment with AMG 579 seemed to have a sexually dimorphic effect in the DMS that varied by 

gene target or cell type. Overall, the results show that AMG 579 acts differently than other 

PDE10A inhibitors in that it reduces, instead of increases, MSN marker and IEG expression; 
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further study is needed to determine which method is better suited to modulate problematic 

drinking behavior. 
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Chapter 1: Introduction  

 

Alcohol use disorder (AUD) affects millions of Americans every year, and its increasing 

prevalence over the last decade [1] has a massive community impact. Indeed, AUD is one of the 

most common psychiatric disorders in the United States [2], and even though it increases 

morbidity 6-fold [3], pharmacotherapy for alcohol use is significantly underused [4]. Less than 1 

in 5 individuals who had AUD in their lifetime ever received treatment [1], and one quarter of 

those in remission relapse within 3 years [5]. With excessive alcohol drinking and its related 

comorbidities, such as heart disease, cancer, and conditions of the liver, gallbladder, and 

pancreas [6], costing the US over $200 billion per year [7], there is a need for suitable drug 

targets to treat AUD and better understanding of how AUD works on the neurobiological level.  

 Chronic ethanol exposure and consumption can lead to neurobiological changes in the 

brain’s reward and motivation systems that are viewed as maladaptive and perpetuating harmful 

drinking For example, it has been hypothesized that chronic alcohol intake modifies dopamine 

D1 receptor positive (D1)-direct and dopamine D2 receptor positive (D2)-indirect pathway 

medium spiny neuron (MSN) pathway in the striatum. In the striatum, there are two heuristically 

and neurochemically distinct MSN pathways, each expressing different molecular markers. 

Direct pathway MSNs (dMSNs) project directly to basal ganglia output regions and express the 

genes that encode dopamine D1 receptors (Drd1), substance P (Tac1), and prodynorphin (Pdyn) 

as molecular markers. Indirect pathway MSNs (iMSNs) indirectly reach basal ganglia output by 

projecting to the globus pallidus externa (GPe) and subthalamic nuclei (STN) and express 

dopamine D2 receptors (Drd2), adenosine 2A receptors (A2a), and proenkephalin (Penk).  

The balance between D1-direct vs. D2-indirect MSN activation has been viewed as 

instrumental in subserving motivated and motor behavior [8]. Heuristically, the activation of the 
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D1-direct pathway is associated with goal-seeking behavior (“Go” behavior) and appetitive, 

approach responses; in contrast, activation of the D2-indirect pathway is associated with stop 

(“NoGo” behavior) or avoidance behavior and aversive responses [9]. On a molecular level, 

activation of D1-receptors leads to an increase in cell signaling and synthesis of cAMP while 

conversely, activation of D2-receptors inhibits cell signaling and the production of cAMP 

[10,11]. During chronic ethanol consumption, both D1 and D2 pathways have been hypothesized 

to be modified in a way that contributes to problematic ethanol intake. D1-MSN activation is 

increased, resulting in increased ethanol drinking behavior, while the D2-MSN activation is 

reduced, resulting in fewer “NoGo” responses, manifesting as decreased self-regulation in 

ethanol consumption [12]. Because relatively underactive iMSNs or overactive dMSNs have 

been proposed to lead to compulsive ethanol consumption [13–16] a focus on  repairing this 

balance on the molecular level is a proposed strategy for developing new treatments for AUD.    

PDEs are a class of enzymes that regulate diverse cellular responses by breaking down 

and thereby functionally inactivating cyclic adenosine 3′, 5′-monophosphate (cAMP) and/or 

cyclic guanosine 3′, 5′-monophosphate (cGMP) [17,18].  PDEs are encoded by 21 genes that 

produce more than 50 different enzymes [19]. Supporting a role for PDEs in the regulation of 

ethanol intake, the pan-PDE inhibitor ibudilast has been shown to decrease ethanol drinking in 

alcohol-preferring rats, high-alcohol drinking rats, ethanol-dependent mice, and in early clinical 

studies, people [20,21]. However, the role of particular PDE families remains unclear. The 

functional role of any particular PDE-family enzyme is defined by where it is expressed in the 

body. For example, PDE5 plays a role in regulating vascular vessels and in the central nervous 

system, and is found in highest concentrations in the cerebellum, kidney, and pancreas [22,23]. 

In contrast, PDE10A is a PDE that is differentially expressed in striatal MSNs, and is the main 
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PDE isoform that controls MSN cAMP and cGMP levels [24,25]. The PDE10A sub-isoform,  

PDE10A2, is found in highest concentrations in the striatum, making it an ideal candidate for 

modulating signaling in the D1-direct and D2-indirect pathways [19,26]. PDE10A2 is not the 

only PDE10A sub-isoform, as PDE10A19 is a primate-specific PDE10A isoform that is also 

expressed in the striatum and is thought to interact with and direct the position of PDE10A2, 

from membrane-bound position to a cytosolic one and is thought to play a role in the 

development of bipolar disorder [27].  

Previous studies using family-selective PDE inhibitors have linked the activity of PDE4 

and PDE10A in particular, with regulation of ethanol intake [28–30].  With regard to PDE10, 

previous studies have also revealed that alcohol use increases availability of the striatal enzyme 

phosphodiesterase 10A (PDE10A), supporting a possible role in alcohol intake [31]. 

Furthermore, systemic administration of the PDE10A inhibitor MP-10 has been seen to activate 

Drd2-expressing medium spiny neurons (MSNs) to a greater extent than Drd1-expressing MSNs 

[32], suggesting that while they can influence both D1 and D2 pathways, some PDE10A 

inhibitors may shift balance to greater relative iMSN activation. 

There is also evidence that TP-10, a tool-like PDE10A inhibitor, decreased alcohol self-

administration in rats [29], which makes PDE10A a promising molecular target for AUD. Recent 

work in the lab with MR1916 [33] and, more recently, AMG 579 [34] further support that 

PDE10A inhibitors can reduce ethanol self-administration. The aim of this study is to further test 

the hypothesis that striatal PDE10A, implicated in the modulation and effects of ethanol intake, 

may modulate activity of direct vs. indirect pathway MSNs. For this, I study the effects of AMG 

579, a small molecule selective PDE10A inhibitor, and genetic knockout of the PDE10A2 

isoform.  



4 

Chapter 2: Immediate-Early Gene and MSN Marker mRNA Expression After AMG 579 

 

As reviewed, PDE10A is an emerging molecular target for AUD treatment, but how a 

dose of PDE10A inhibitor that influences ethanol intake modulates D1-direct and D2-indirect 

MSN activity is unknown. One can infer a role for PDE10A in modulating specific brain 

pathways by measuring changes in pathway activity that occur when the enzyme is inhibited via 

selective inhibitors. One way to determine such effects is to measure the effect of PDE10A 

inhibitors on expression of immediate-early genes (IEGs), rapid primary response genes used as 

indices of recent neuronal activation [35]. Given PDE10A’s molecular action to hydrolyze 

cAMP and cGMP, the expression of IEGs whose transcription is responsive to cAMP/cGMP 

signaling, like Fos and Egr1, are readouts of special interest [36–41]. Measuring the change in 

IEG expression can help to quantify the effects of PDE10A inhibitors. Alternatively, the effect a 

PDE10A inhibitor has can be determined by comparing its effects on expression of dMSN vs. 

iMSN markers (like Drd1 and Drd2, respectively) that may serve as potential indices of actions 

on direct or indirect-pathway cell subpopulations. PDE10A inhibitors can augment activation of 

both dMSNs and iMSNs [33,42,43], but not necessarily to equal degrees. Some inhibitors 

enhance dMSN expression while others can be iMSN biased. These differences in MSN marker 

effects have been hypothesized to be due to differences in enzyme off-rate, with fast off-rate 

PDE10A inhibitors being iMSN-biased while slow-off rate ligands instead showing balanced or 

dMSN-biased activation [44]. The different actions are hypothesized to reflect greater basal 

cAMP/cGMP activity, and thereby requirements for more sustained PDE10A inactivation, within 

D1-dMSNs vs. D2-iMSNs [44].  

Previous studies of PDE10A inhibitors have shown promising results to reduce intake in 

models of high ethanol intake. An early set of studies found that TP-10 reduced alcohol self-
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administration in male rats during acute ethanol withdrawal, following a history of stress, or in a 

genetically-selected model of alcohol preference [30]. However, this study did not look at the 

effects of PDE10A inhibition in female rats, and sex differences are possible based on findings 

that there are sex differences in synaptic levels of PDE10A [45] and in the in vitro effects of the 

PDE10A inhibitor papaverine on ERK1/2 phosphorylation [46]. Indeed, the PDE10A inhibitor 

MR1916 recently was found to show sex differences in its ability to reduce ethanol self-

administration and induce immediate-early gene expression in the striatum of male vs. female 

rats [33]. 

On the other hand, the clinical candidate AMG 579, a PDE10A inhibitor that shows high 

promise for possessing physiochemical properties (e.g., lipophilic efficiency [LipE]>5 [47–50]) 

that are more drug-like than other studied PDE10A inhibitors, like TP-10, MP-10, MR1916, and 

papaverine, was observed to potently reduce ethanol self-administration in post-dependent rats of 

both sexes [51] (see Supplemental Figure 1).  Still unknown is how AMG 579 alters MSN 

activation at doses that reduce ethanol self-administration and whether there are sex differences 

in these effects [46,52]. Most previous studies that have investigated the impact of PDE10A 

inhibitors on dMSN and iMSN pathway activation have studied doses that are cataleptic and 

substantially higher than those that specifically reduce drinking [29,53]. Therefore, the effects of 

the lower doses that reduce ethanol drinking on MSN activation remain poorly understood.  

I therefore wanted to see if injection with AMG 579 would also affect activation of 

immediate early genes (IEG) as a sign of neuronal activation and whether these effects differ 

between D1-MSN vs. D2-iMSN or by sexes. Initial findings from this lab suggest that in mice, 

AMG 579 significantly reduces voluntary ethanol consumption in post-dependent, CIE-exposed 

mice. To understand the effects of this dose on MSN activation, I therefore studied a promising 
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dose (100 nmol/kg dose, i.p.) from this study in the range that was also found to not non-

specifically alter locomotor behavior in photocell cage [34]. Based on these results, this dose was 

used to study the effect AMG 579 has on MSN marker and IEG expression in mice using qPCR. 

The PDE10A2 isoform contains a unique amino-acid trafficking sequence that allows it 

to be localized to the dendritic membrane to regulate MSN responses to afferent (e.g., cortical) 

input [22,54,55]. This key regulatory role is seen in the increased levels of cAMP and 

phosphorylated CREB in the striatum of Pde10a2-knockout (KO) mice [26]. Thus, I hypothesize 

that the Pde10a2 KO mice will have an increase in Drd1 expression compared to the wild-type 

mice as a result of this decrease in cAMP/cGMP cascade inactivation. I hypothesize to see a 

similar direction of Treatment effect of acute AMG 579 administration on IEG expression, but 

only in wild-type mice only, which would indicate that inhibition of the membrane-bound 

Pde10a2 isoform is responsible for the MSN-activating effects of PDE10A inhibitor and is thus 

absent in Pde10a2 KO mice. I predict that the AMG 579 treatment will increase both Drd1 and 

Drd2 expression, similar to other PDE10A inhibitors like MR1916 and TAK-063 [33,44]. Like 

other PDE10A inhibitors, like MP-10 [42], I predict that treatment with AMG 579 will increase 

IEG expression, with a greater effect on Egr1 vs. Fos. Finally, I predict that inhibitor and 

genotype effects will be more pronounced in male mice, because the PDE10A inhibitor 

papaverine less effectively altered ERK1/2 activation in striatal tissue of female mice compared 

to male and  ovariectomized female rats [46]. 
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Chapter 2.1: Methods 

Subjects: 

Adult (~7 months old) male and female C57BL/6J mice were studied for striatal gene 

expression (n=41-43/ sex). Mice were maintained in a temperature- (20-23°C) and humidity-

controlled (30-70%) vivarium under a reverse dark light cycle (lights on 9pm, off 9am). Mice 

had ad libitum access to food (Product Number: 2018, Teklad Diets) and tap water. Pde10a2- 

deficient (“KO”) mice were created using homozygous knock-in/knockout of a disrupting 

tetracycline transactivator (tTA) construct after the start codon for the Pde10a2 specific exon 

[26]. Founders of the KO mouse line (Pde10a2tm1(tTA)Yok) were provided generously by Dr. 

Hiromi Sano, and subjects were homozygote Pde10a2 mutant allele (knockout) offspring of 

heterozygote/heterozygote breeding or their respective homozygote Pde10a2 wildtype 

littermates from an in-house breeding colony. All mice were genotyped at weaning before study 

inclusion from tail DNA. All procedures conformed to the National Institutes for Health Guide 

for the Care and Use of Animals and were approved by the Institutional Animal Care and Use 

Committee of Scripps Research Institute. 

 

Experimental Design and Tissue Collection 

To determine the effects of the PDE10A inhibitor AMG 579 and Pde10a2 isoform KO, 

the study involved a 2 (Genotype: Pde10a2 KO or WT) x 2 (Treatment: vehicle or 100 nmol/kg 

AMG 579) x 2 (Sex: Male or Female) between-subject factorial design. The first phase was the 

sample collection step. Striatal brain punches were collected from 84 PDE10A2tTA/tTA (n=26 

male, 23 female) and 35 wild-type mice (n=17 male, 18 female) that were around 7 months old 

(M ± SEM of age: male KO: 211.35 ± 4.75 days old, male WT: 201.59 ± 2.52 days old, female 

KO: 214.63 ± 4.01 days old, female WT: 202.72 ± 2.63 days old). After letting them acclimate to 
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the reversed dark light cycle and regular handling and weighing for 2 weeks, mice were then 

intraperitoneally injected with the drug candidate AMG 579 (100 nmol/kg) or 10% w/v 2-

Hydroxypropyl-β-cyclodextrin (HPBC) (Sigma Catalog Number: 778907) vehicle dissolved in 

Nanopure water (10 ml/kg). Specific sample sizes by sex were, for males: 9 WT -vehicle, 8 WT-

AMG 579; 12 KO-vehicle, 14 KO-AMG 579; and, for females: 9 WT-vehicle, 9 WT-AMG 579; 

7 KO-vehicle, 16 KO-AMG 579. Mice were then placed back into their home cage with access 

to food and water. The mice were then sacrificed 90 minutes post-injection by decapitation after 

being rapidly anaesthetized (~1 min) with isoflurane. Brains were dissected on an ice-cold stage, 

coronally-sectioned (~1-1.5 mm slices), and punches were then taken of the DLS and NAc from 

both hemispheres using a blunt 13-gauge spinal needle. The tissue was placed in a 1.5 ml 

centrifuge tube, flash-frozen in liquid nitrogen, kept on dry ice post-dissection, and then stored in 

a -80 °C freezer until subsequent RNA processing. 

 

RNA extraction, reverse transcription, and qPCR 

 For RNA analysis, total RNA was then extracted from each of the samples using QIAzol 

lysis reagent (Qiagen Catalog Number: 79306) with cellular disruption using a discardable pestle 

and pestle motor, followed by cleaning with the Zymo Research Clean and Concentrator-25 

(Zymo Catalog Number: R1018). RNA quality and concentration were measured with Nanodrop 

2000c (Thermo Fisher Catalog Number: ND-2000C) (M ± SEM of RNA concentration: 

290.5±7.9 ng/μl; A260/280: 2.0±0.003, A260/230: 1.9±0.02). Low quality samples (defined as 

concentration <10 ng/μl, A260/280 < 1.8, or A260/230 <1; n= 6/163, 3.6% of total samples 

collected) were excluded.  
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Samples (~300ng total RNA input /sample) were ezDNase-treated and then reverse-

transcribed using SuperScript IV (SSIV) reverse transcriptase (RT) VILO kit (Thermo Fisher 

Catalog Number:11766050) following the manufacturer’s instructions to form cDNA to be used 

in a quantitative polymerase chain reaction (qPCR). cDNA was diluted with nuclease-free water 

(final concentration: 1 ng/μl) to yield aliquots, stored at -80 °C until performing qPCR. Gene 

expression levels were measured with qPCR, using Applied Biosystems PowerTrack SYBR 

Green (Thermo Fisher Catalog number A46110) in a QuantStudio5 Real-Time PCR instrument 

(Thermo Fisher Catalog number: A28135) in a 384-well system on the following genes targets: 

Pde10a2, Drd1, Drd2, Penk, Egr1, Fos. 18s was used as the reference housekeeping gene. 

Primer pairs, shown in Table 1, were obtained from Integrated DNA Technologies. To reduce 

assay-to-assay variation, all samples for a given primer pair were run within a single plate and 

reaction run. The qPCR conditions for all primer pairs were: 95°C denaturation temperature for 

15 seconds; 60.3°C annealing temperature for 15 seconds, and 72°C extension temperature for 

15 seconds. Samples were analyzed in duplicate, with nuclease-free water used as a negative 

control. Gene-specific amplification was determined by melt curve analysis as one peak at the 

expected PCR product melting temperature. 
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Table 1: Forward and reverse primer sequences used for qPCR 

Gene 

Name  

Forward Primer  Reverse Primer  

Pde10a2 5’-TTG CCA CCG TTT GGC CG  5’-GCT GAG GAA ACA CTC GGT 

CA 

Egr1 5’-TCG GCT CCT TTC CTC ACT 

CA 

5’-CTC ATA GGG TTG GCT CGG 

Fos 5’-CAG CCT TTC CTA CTA CCA 

TTC C 

5’-ACA GAT CTG CGC AAA AGT 

CC 

Drd1 5’-GAC ATA CGC CAT TTC ATC 

CTC C 

5’-ATG CGC CGG ATT TGC TTC T 

Drd2 5’-CCT TAA GAC GAT GAG CCG 

CAG GA 

5’GGT TCA CGG CAC TGT TGA 

CAT AGC 

Penk 5’-TTC AGC TCG GCG GCG TTG 5’-GAA GCG AAC GGA GGA GAG 

AT 

18s 5’- GCA ATT ATT CCC CAT GAA 

CG 

5’-GGC CTC ACT AAA CCA TCC 

AA 

 

Data Analysis  

Quality control was first applied to qPCR results. Specifically, samples with low-quality 

Ct scores for 18s (defined as Ct >18 cycles, 8/157, 5.1% of total samples), incorrect genotype 

labelling (nominally KO mice exhibiting Pde10a2 expression Ct <20 cycles or nominally WT 

mice with Pde10a2 expression Ct >35 cycles, 2/157, 1.3% of total samples), or multiple outlier 

values (defined by 3+ gene targets with outlying Ct values per Dixon’s Q-test, 1/157, 0.64% of 

total samples) were excluded. Additionally, potential outliers were defined a) using the Dixon’s 

Q-test [56,57] (on raw Ct data) and b) as z-scored values that had high studentized residual 

scores (≥|3.0|) combined with either undue leverage (>2-fold the jackknifed mean leverage of 

other samples) or influence (Cook’s D >the 50%ile of the F-distribution, F[Cook’s D](k+1,n-k-

1), where k=number of predictor variables and n=total samples) [58]. Identified outliers (2/876, 

0.23% of qPCR values) were replaced using multiple imputation [59] as the average of 10 

independent estimates in SPSS. The z-scores of the ΔΔCT scores for each target gene within 

each region were calculated to compare expression between target genes. The 18s housekeeping 
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gene was used as the reference gene when calculating the ΔCt for each target gene. I used the 

vehicle-WT males as the reference group for each region when calculating the ΔΔCT scores. The 

z-scores of ΔΔCt scores (multiplied by -1 for directionality) for each region were analyzed using 

a 3-way univariate GLM in SPSS with Genotype, Sex, and Treatment as factors. Each region 

(DLS and NAc) was normalized separately within itself and was not considered a statistical 

factor due to significant differences in 18s expression between the DLS vs. NAc. Statistically 

significant effects were defined as p<0.05.  
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Chapter 2.2: Results 

MSN marker expression  

Pde10a2 

As Figure 1A shows, in the DLS, as expected, there was a significant Genotype effect 

with the Pde10a2 KOs expressing significantly less Pde10a2 compared to the WT mice 

[F(1,65)=502.888, p<0.001]. There were no significant main or interaction effects involving 

Treatment or Sex on DLS Pde10a2 expression. 

As Figure 1B shows, in the NAc, as expected, there was a similar large Genotype effect 

like what was seen in the DLS [F(1,65)=554.766, p<0.001]. There was also a significant 

Treatment effect, with AMG 579 reducing Pde10a2 expression [F(1,65)=4.440, p=0.039]. There 

were no significant main or interaction effects involving Sex on NAc Pde10a2 expression. 

Drd1 

As Figure 2A shows, in the DLS, there was a Genotype main effect whereby Pde10a2 

KO mutants had less Drd1 expression than the WT controls [F(1,65)=7.662, p=0.007]. A 

Treatment effect reflected that AMG 579 also reduced Drd1 expression [F(1,65)=4.755, p=0.03]. 

Interestingly, there was a trend for a 2-way Treatment X Genotype interaction [F=(1,65)=3.275, 

p=0.075]. Pairwise follow-up comparisons to interpret the interaction showed that, AMG 579 

significantly reduced Drd1 expression in the KO mice [F(1,65)=9.343, p=0.003] as compared to 

the KO mice that received vehicle. However, there was no significant Treatment effect seen in 

the wild-type mice [F(1,65)=0.060, p=0.807]. Consequently, drug-treated KO mice showed 

reduced Drd1 expression compared to WT mice given drug [F(1,65)=11.570, p=0.001] a 

Genotype difference not seen in vehicle-treated mice. There were no main or interaction effects 

involving Sex in DLS Drd1 expression. 
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As Figure 2B shows, in the NAc, there was a significant Genotype main effect 

[F(1,65)=5.375, p=0.004], again reflecting reduced Drd1 expression in the Pde10a2 KO mice, 

compared to the WT group. There was also a significant Treatment main effect [F(1,65)=9.096, 

p=0.004] in which AMG 579 again decreased Drd1 expression in the NAc. Unlike what was 

seen in the DLS, this Treatment effect was seen in both KO and WT mice, demonstrating that the 

inhibitor decreased Drd1 expression independent of Pde10a2 knockout.  

 

Drd2 

As shown in Figure 2C, in the DLS, there was a significant Genotype effect whereby the 

KO mice had a significant decrease in Drd2 expression compared to the WT [F(1,65)=7.844, 

p=0.007]. A trend for a Treatment main effect reflected that AMG 579 tended to reduce Drd2 

expression overall [F(1,65)=3.643, p=0.061]. Additionally, a trend for a 3-way Treatment X  

Genotype X Sex interaction was observed [F(1,65)=3.376, p=0.071] which reflected that AMG 

579 treatment differentially reduced Drd2 expression in male knockout Pde10a2 KO mice. 

Pairwise comparisons to interpret the trend showed that AMG 579 significantly decreased Drd2 

expression only in KO males vs. their vehicle controls [F(1,65)=13.175, p<0.001]. 

Consequently, KO males that received AMG 579 had less Drd2 expression than KO females 

[F(1,65)=8.771, p=0.004] and also WT males [F(1,65)=13.480, p<0.001] with the same 

treatment. Other than the interaction already listed, there were no differences amongst AMG-

treated wildtype groups. 

As Figure 2D shows, in the NAc, there was a significant Treatment effect, in which AMG 

579 again significantly decreased Drd2 expression [F(1,65)=5.436, p=0.023] independent of 
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Genotype and Sex. There was a trend for Genotype-dependent reduction of Drd2 in the knockout 

mice [F(1,65)=3.334, p=0.072], but no main or interaction effects involving Sex. 

 

Penk 

As seen in Figure 2E, in the DLS, there was a significant reduction in Penk expression 

due to Genotype in the KO mice [F(1,65)=25.523, p<0.001]. There were no main or interaction 

effects involving Treatment or Sex. 

As Figure 2F shows, in the NAc there was a similar Genotype main effect, reflecting that 

Pde10a2-KO mice had reduced Penk expression [F(1,65)=21.990, p<0.001).There also were 

trends for a Treatment-effect of  AMG 579 to reduce Penk expression in the NAc 

[F(1,65)=3.565, p=0.063], and a 3-way Treatment X  Genotype X  Sex interaction 

[F(1,65)=3.594, p=0.062]. Pairwise comparisons to interpret the interaction trend showed that 

were significant Genotype-dependent decreases in Penk expression whereby KO female mice 

that received AMG 579 [F(1,65)=6.608, p=0.012], or vehicle [F(1,65)=11.938, p<0.001] had 

reduced Penk expression vs. their respective WT controls, a similar finding as seen for KO male 

mice that were treated with AMG 579 [F(1,65)=7.313, p=0.009].  

 

IEG expression  

Egr1 

As shown in Figure 3A, in the DLS, there was a significant Treatment main effect that 

unexpectedly reflected a decreased Egr1 expression in mice treated with AMG 579 

[F(1,65)=14.229, p<0.001]. There was a trend for a Genotype main effect, whereby the Pde10a2 
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KO mice also had a decrease Egr1 expression than their WT controls. [F(1,65)=3.40, p=0.069], 

but no main or interaction effects involving Sex. 

As seen in Figure 3B, in the NAc a similar Treatment main effect was seen as in the DLS, 

whereby AMG 579 decreased Egr1 expression [F(1,65)=5.587, p=0.021]. There were no main or 

interaction effects involving Sex or Genotype.  

 

Fos 

In both the DLS (Figure 3C, F(1,65)=8.730, p=0.004) and NAc (Figure 3D, 

F(1,65)=12.863, p<0.001), there was a Treatment main effect whereby AMG 579 unexpectedly 

reduced Fos expression. In both regions, there were no main effects or interactions involving 

Genotype or Sex.   

 

Genotype-specific analysis 

For both IEGs, there was a significant main effect of treatment. However, descriptively, 

the male KO mice did not appear to show a Treatment effect and when analyzing the AMG 579 

treatment effects separated by genotype, there only was a significant Treatment main effect of 

AMG 579 in WT mice [DLS, Fos: F(1,26)=4.319, p=0.048; Egr1: F(1,26)=6.247, p=0.019; 

NAc, Fos: F(1,25)=8.496, p=0.007); Egr1: F(1,25)=6.255, p=0.019]  and not for KO mice [DLS, 

Fos: F(1,39)=3.769, p=0.059; NAc, Fos: F(1,40)=3.397, p=0.073); Egr1: F(1,40)=0.879, 

p=0.354]  Still, however, a significant interaction involving Treatment X Genotype was not 

observed in the initial 3-way model.   
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Chapter 2.3: Discussion 

 

The observed outcome of the PDE10A inhibitor AMG 579 diverged from what was 

hypothesized. Unlike other PDE10A inhibitors that reportedly increased MSN marker and IEG 

expression [33,42,44], AMG 579 did the opposite and decreased expression of all IEGs and 

MSN markers. The reductions in MSN marker expression did not appear to be Pde10a2-

dependent in the NAc, because the magnitude of reduced Drd1, Drd2, and Penk marker 

expression was similar in PDE10A2tTA/tTA KO vs. wild-type mice. Quite unexpectedly, AMG 

579, if anything, appeared to differentially reduce Drd1 and Drd2 expression in Pde10a2 KO 

and not wildtype mice, implicating compensatory or downstream changes in other PDE10A 

isoforms. Conversely, AMG 579 elicited significant reductions of Egr1 and Fos marker 

expression in WT mice that were descriptively larger than in KO mice, in which significant 

changes were not observed separately. This effect was seen in both regions and sexes, and 

unexpectedly, independent of genotype. Altogether, the results indicate that the ability of AMG 

579 to reduce MSN marker expression is not dependent on the Pde10a2 isoform being present, 

while its ability to reduce IEG expression might be. 

 

Changes in MSN marker expression in AMG 579-treated mice  

AMG 579 was hypothesized to increase both indirect pathway activation and direct 

pathway activation, as has been reported for other PDE10A inhibitors [33,44]. MSN marker 

expression has been used as an index of pathway activation after PDE10A manipulation [44,60].  

Unlike MR1916 and TAK-063, AMG 579 decreased expression of the potential indirect pathway 

marker Drd2 in both striatal subregions, with a significant decrease in the NAc and as a trend in 

the DLS. AMG 579 also significantly decreased expression of the direct pathway marker Drd1 in 
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both regions and genotypes as well.  Because AMG 579 reduced MSN marker expression within 

the NAc similarly between WT and Pde10a2-KO mice, the results suggest that the actions of the 

PDE10A inhibitor to reduce Drd1 and Drd2 expression did not require the PDE10A2 isoform. 

Possible explanations for this findings is that these effects of AMG 579 were mediated by one of 

the other PDE10A, non-membrane-associated, isoforms known to be expressed in striatum 

[53,61] or, alternatively, that AMG 579 has unrecognized “off-target” pharmacological effects 

other than PDE10A inhibition. Studies with a pan-PDE10A KO or knockdown model could be 

used to test the latter hypothesis, but these mice do not currently exist, because formerly created 

pan-PDE10A mutants were eliminated by Pfizer and Merck (Sean Smith, personal 

communication to Dr. Zorrilla). 

Within the NAc, where AMG 579 significantly reduced the expression of Drd1 and 

Drd2, the reduction in Drd2 was similar to or only marginally greater than that for Drd1 

expression (mean difference in z-scores: -0.905 vs. -0.795, respectively). This comparison relates 

to the hypothesis that different PDE10A inhibitors might have different influences on the activity 

and balance between D1 vs. D2 pathways based on differences in their molecular properties.  For 

example, compounds with a faster off-rate such as TAK-063 have been interpreted as showing 

iMSN-biased activation, whereas slow-off rate ligands such as MP-10 instead show balanced or 

dMSN-biased activation [44]. Here instead, there was apparent observed inhibition of both 

pathways, as indicated by Drd1 and Drd2 markers, following AMG 579, with only marginally 

greater reduction of the iMSN marker.    

The AMG 579-induced reduction in Drd1 and Drd2 MSN marker expression was 

unexpected given previous reports that MR1916, MP-10, and TAK-063 all increased expression 

of  Drd1 or Drd2 MSN markers [33,60,62]. Similarly, treatment with AMG 579 reduced 
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expression of the pan-marker, Pde10a2, in the NAc, and in the iMSN subpopulation marker, 

Penk, in the male KO population, suggesting that the compound generally decreased MSN 

marker expression.  

 

Changes in Direct Pathway MSN Marker Expression due to Genotype-Effects 

I hypothesized that Pde10a2 KO mice would show increased Drd1 expression because 

the associated decrease in cAMP hydrolysis would lead to greater MSN activation. Indeed, 

previously, this mouse KO line has been reported to show increased striatal cAMP and CREB 

phosphorylation [26]. Instead, however, here decreased striatal Drd1 expression was seen in both 

regions, with KO mice having a lower mean z-score than WT (mean difference in z-scores in 

DLS: -0.798; NAc: -0.611), with a similar change in Drd2 (mean difference in z-scores in DLS: -

0.816; NAc: -0.709) and Penk (mean difference in z-scores in DLS: -1.955; NAc: -1.390) 

expression in Pde10a2 KO vs. WT mice. This unexpected direction of result corresponds with 

the direction of effect (reduced Drd1 expression) seen after treatment with the PDE10A inhibitor 

AMG 579, though that pharmacological effect does not appear to be Pde10a2-dependent. 

Nonetheless, the results support the hypothesis that Pde10a2 may play a key role in regulating 

Drd1 expression or pathway activity.  

It cannot be ruled out that the unexpected direction of effect reflects a potential role of 

compensatory changes in other PDE10A isoforms, such as PDE10A1, which has been observed 

to be upregulated by 55% in PDE10A2tTA/tTA KO mice in comparison to the striatum of wild-

type mice [26], or even in other striatal PDEs, such as PDE4 [63], since they were not measured 

in the present study. Measurement or joint inhibition of potential compensatory isoforms could 

help test these alternative explanations. 
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Genotype-Related Changes in AMG 579 Effects on MSN Expression in the DLS  

I hypothesized that AMG 579 would alter IEG and MSN expression in the wild-type 

mice only, which would indicate that the membrane-bound PDE10A2 isoform was required for 

and potentially mediated activating effects of the PDE10A inhibitor. Instead, the results showed 

that for DLS Drd1 and Drd2 expression, AMG 579, quite the opposite, differentially reduced 

Drd1 and Drd2 expression in KO and not in WT mice. The results suggest that loss of Pde10a2 

increased functional significance of another Pde10a isoform or other molecule in the DLS with 

which AMG 579 then interacted. Whether this reflects a downstream consequence or 

compensatory adaptation to loss of PDE10A2 function is unclear. As stated, there are other 

isoforms of PDE10A that are found in the striatum. Because Pde10a2 KO potentiated the ability 

of the PDE10A inhibitor AMG 579 to reduce DLS Drd1 and Drd2 expression, the results 

support the possibility that the striatal functional relevance of other PDE10A isoforms may be 

upregulated in Pde10a2-deficient mice. This again is consistent with reports that levels of striatal 

PDE10A1 were reportedly upregulated by 55% in Pde10a2tTA/tTA KO mutants [26] and also with 

the abundance of other striatal PDE10A isoforms that have been identified in humans [53,61]. 

 

Genotype-Dependent Changes in IEG Expression After Treatment with AMG 579 

As with other PDE10A inhibitors like MP-10 and MR1916  [33,42], I predicted that 

treatment with AMG 579 would increase striatal IEG expression. However, the results showed 

the opposite. Treatment with the PDE10A inhibitor AMG 579 instead decreased Fos and Egr1 

expression in both the DLS and NAc. Here, contrary to what was seen with MSN markers, when 

genotypes were considered separately, AMG 579 elicited a significant decrease in IEG 

expression of WTs, with no significant change seen in Pde10a2 KO mutants. In sum, the results 
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show that the dose of AMG 579 with promise to reduce 2-bottle choice intake of WT mice 

overall reduced DLS and NAc activation in WT mice, as indicated by Egr1 and Fos expression, 

and these effects were not separately seen in Pde10a2 KO mice. 

 

Sex Differences in Treatment and Genotype Effect  

I predicted that AMG 579 treatment and genotype effects would be more pronounced in 

male mice, however this generally was not the case. There were 3-way interaction trends 

involving Drd2 expression in the DLS in which pairwise comparison revealed that AMG 579 

reduced expression of Drd2 in KO males more than female (mean z-score difference= -1.405) 

suggesting that the reduction effect seen as a result of Pde10a2-KO and AMG 579 is pronounced 

more in males vs. females. There was a significant sex difference in Drd2 expression in the DLS 

of knockout mice that received the compound, in which the males had less Drd2 expression than 

females. This seems to align with the hypothesis that the treatment and genotype effect would be 

more prominent in males. However, when looking at the data overall there does not seem to be a 

sex difference in expression of Pde10a, Drd1, or either of the IEGs. 

   

The role of PDE10A2 in Problematic Ethanol Drinking in Ethanol-Dependent Mice  

In a model of 2-bottle choice voluntary drinking in post-CIE mice that had undergone 6-8 

cycles of chronic intermittent ethanol exposure, AMG 579 was able to significantly reduce 

ethanol consumption of WT post-CIE mice, but not in KO post-CIE mice (see Supplementary 

Figure 2). Thus, the ability of AMG 579 to reduce post-dependent drinking appears to be 

dependent on the PDE10A2 isoform, but the effect of AMG 579 to influence MSN marker 

expression in naïve mice does not. On the other hand, there are hints of this PDE10A2-dependent 
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pattern when looking at effects of AMG 579 on striatal IEG expression. That is, both in the DLS 

and NAc for Fos (Figure 1C-D) and in NAc for Egr1 (Figure 1B), treatment with AMG 579 

elicited significant and descriptively larger reductions in IEG expression in WT mice than in 

Pde10a2-KO mice. The results suggest that some of the inhibitor’s effect to influence IEG 

activation is partly dependent on the PDE10A2 isoform. Overall, the findings suggest that 

insofar as AMG 579-induced changes in striatal IEG expression and post-dependent drinking 

were both Pde10a2 dependent, they may relate to one another more than did the changes in MSN 

marker expression, which were less Pde10a2 dependent. 
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Chapter 3: RNAscope to Measure Drd1, Drd2, and Egr1 Activation in Rats 

RNAscope is a method of fluorescent in-situ hybridization (FISH) that allows for 

labelling individual mRNA transcripts in a cell with a high level of specificity using fluorescent, 

molecularly-targeted probes. RNAscope involves individual RNA strands binding multiple Z-

probe dimers that bind to a specific sequence of RNA on one side and the labeled probes on the 

other. Because the probes are attached to the individual RNA strand, the extent of normalized 

fluorescence observed semi-quantitatively relates to the degree of transcript expression (as 

opposed to the whole cell being marked) and one can estimate the relative quantity of RNA 

molecules that are positive for that probe to identify changes in relative cellular co-localization. 

By combining DAPI cellular staining with FISH estimates of standardized relative RNA 

expression, Drd1-positive vs. Drd2-positive cells can be identified to test if injection with AMG 

579 is able to differentially increase (or reduce) activation of identified cell populations, and if it 

has a bias for one of those cell types. The potential changes in activation can be visualized to 

determine if there is bias towards any particular subregion in the striatum, the DMS, DLS, or 

NAc. The aim of this experiment is to see how injection with AMG 579 changes neuronal 

activation, as defined by Egr1 expression, in Drd1- and Drd2-positive MSNs in three different 

brain regions – DLS, DMS, and the NAc – of male and female Wistar rats.  

Studies show that when an instrumental behavior is acquired, including ethanol self-

administration, its control is initially mediated by the nucleus accumbens [16], and the behavior 

is goal-directed and sensitive to changes in reinforcer outcome and incentive state. With greater 

experience with the behavior, the functional role of which compartment of the striatum subserves 

the behavior shifts first dorsally and becomes more associated with the DMS (with behavior still 

goal-directed), and then ultimately progresses laterally to the DLS. Once the behavior is under 
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DLS control, it tends to be outcome-insensitive behavior, which has been described as habit-like 

or compulsive-like [64]. This conceptual model suggests that PDE10A may be well-positioned to 

impact compulsive drinking, since it is highly expressed in the putamen and caudate nucleus 

regions, corresponding to the dorsal striatum [54]. This regional aspect of the control of goal-

directed vs. pathological habit behavior is of interest and raises the question of whether anti-

drinking doses of AMG 579 differentially influence MSNs within the NAc, DMS, or DLS 

subregions. I hypothesize to see a greater Treatment effect in the dorsal striatum (DLS and DMS) 

than in the nucleus accumbens, defined by greater MSN and IEG expression in the DLS and 

DMS than in the NAc after treatment with AMG 579, because the shift in region control of 

drinking behavior that biases the DLS during compulsive drinking.  

I  predict that I  will see more D2-MSN activation compared to D1-MSN activation in the 

AMG 579-treated group, defined by greater Egr1 expression in Drd2-positive cells because 

previous studies have shown PDE10A inhibition is linked to increased IEG expression in Drd2-

expressing neurons compared to Drd1-expressing [32]. Similar to the previous chapter, it is 

expected that the Treatment effect will be more pronounced in the male rats than the females.   

Prior experiments from my lab found a link between injection with AMG 579 in post-

dependent chronic intermittent ethanol vapor-exposed male and female Wistar rats and reduced 

operant ethanol self-administration. The data from an unpublished manuscript from this lab [51] 

suggests that the highest dose of AMG 579 (444 nmol/kg, i.p.), in particular, significantly 

reduced ethanol intake compared to the vehicle control (pairwise comparison, p<0.001). Guided 

by these data, the 444 nmol/kg dose was determined to be the experimental group for this study. 

Because these data are currently unpublished, a summary graph of the relevant result is included 

below for Committee reference. 
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Supplemental Figure 1: Effects of AMG 579 pretreatment (~60 mins) on total EtOH intake in 

post-CIE male and female rats during 2-lever EtOH vs. water self-administration. Histograms 

show group M+SEM, and scatter shows the scores of individual subjects. N = 10-11/sex; 

*ANOVA within-subject effect; #ANOVA within-subject contrast; $ANOVA between-subject 

effect. Doses marked by the star sign differ significantly from the respective vehicle control. 

Doses marked by the star sign and a bracket differ significantly from each other. *, #, $ p < 0.05. 
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Chapter 3.1: Methods 

 

Subjects: 

Subjects for the RNAscope assay were used 18 (9/sex) adult (~3 months old) Wistar rats. 

Rats were maintained in a temperature- and humidity-controlled vivarium (see previous chapter) 

under a reverse dark light cycle (lights on 8pm, off 8am) with ad libitum access to food (Product 

Number: #7012, Teklad Diets) and tap water. All procedures conformed to the National 

Institutes for Health Guide for the Care and Use of Animals and were approved by the 

Institutional Animal Care and Use Committee of Scripps Research Institute. 

 

Experimental Design and Tissue Collection 

The study involved a 2 Treatment (AMG 579 vs. vehicle) X 2 Sex (Male vs. Female) X 3 

Region (DLS vs. DMS vs. NAc) factorial design with Region as a within-subject factor. Rats 

were pseudo-randomly assigned to groups, matched for body weight.  Rats were accustomed to 

the reversed-light cycle room for at least 2 weeks, during which they were handled and weighed 

regularly. 

For the study, rats were intraperitonially injected with either AMG 579 (444 nmol/kg) or 

10% HPBC vehicle dissolved in Nanopure water (1 ml/kg). They were then sacrificed by 

decapitation after being rapidly anesthetized with isoflurane 90 minutes after injection. After 

sacrifice, the brains were flash frozen using isopentane and dry ice, wrapped in aluminum foil, 

kept on dry ice post-dissection, and then stored in a -80 °C freezer. Brains were sliced at -20 °C 

using a cryostat coronally into 20 μm sections and mounted onto SuperFrost Plus slides (Fisher 

Scientific Catalog Number: 12-550-15). For the RNAscope assay, I assigned 2 sections at the 

A/P: +1.6-1.8 bregma coordinate per slide per animal.  
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RNAscope In Situ Hybridization 

I conducted a 3-plex assay with the following gene targets assigned to the following 

probes: C1- Drd1; C2-Drd2; C3- Egr1. I hybridized the probes to the following fluorophores at 

the manufacture-recommended standard 1:1000 dilution- Channel 1: TSA Vivid Fluorophore 

520 (green); Channel 2: TSA Vivid Fluorophore 570 (red); Channel 3: TSA Vivid Fluorophore 

650 (far-red); and DAPI to stain cells. Following the protocol provided for “fresh frozen tissue” 

in the RNAscope Multiplex Fluorescent Reagent Kit v2 With Sample Preparation and 

Pretreatment User Manual provided by ACD (Document Number UM 323100). A negative and 

positive control probe was run in tandem with the 18 slides treated with Drd1, Drd1, and Egr1 

probes (20 slides total). All sections were analyzed in batch within the same single reaction to 

eliminate assay-to-assay variation. 

   

Microscopy and Imaging 

Slides were then imaged on a confocal microscope (Zeiss Confocal Laser-Scanning 

Microscope 780, 40× oil immersion, 2580 × 2580) where 2D snapshots of the DLS, DMS, and 

NAc for both hemispheres were taken. The different color channels for each image were merged 

and converted to .tiff using FIJI. Then a custom CellProfiler pipeline was used to count the 

expression levels within each DAPI-marked cell and colocalize Drd1, Drd2, and Egr1 

expression within each DAPI-stained cell. 

 

Data Analysis  

 I took the log10 of the raw pixel counts for each gene target at the cell level and z-score 

standardized signal for each gene based on the expression level of the males that received 
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vehicle. Cells were either deemed Drd1-postive, Drd2-positve, or undetermined comparing 2 

different threshold intensities for positive: 1) requiring any signal above 3 pixels that was the 

dominant expression or 2) requiring the dominant expression probe have a higher level of 

expression (z-score > 0), to increase confidence in the cell’s positivity. I present results based on 

the second thresholding method based on its higher stringency for identifying cells labeled as 

Drd1- or Drd2-positve, but their significant differences identified were almost identical.  

After determining which cells were Drd1- or Drd2-positive, the standardized signal 

intensity within the defined cell type (e.g., Drd1 expression within Drd1-positive cells) and co-

localized Egr1 activation signal was then calculated. Standardized z-scores for each cell were 

then averaged on the image level and analyzed using a linear mixed model using SPSS with Sex, 

Treatment, and Region as factors. Region was a within-subject factor. Statistically significant 

interactions were defined as p<0.05.  
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Chapter 3.2 Results 

Overall Drd1, Drd2, Egr1 Expression Levels 

As seen in Figure 4A, considering Drd1 expression-levels across all DAPI-positive cell 

types, there was a significant three-way interaction between Treatment X Sex X Region 

[F(2,104)=3.293, p=0.041]. This reflected that in both males and females, AMG 579 

significantly changed Drd1 expression in the DMS, with an increase in expression in males but a 

decrease in females [males F(1,104)=4.037, p=0.047, females F(1,104)=5.130, p=0.026] 

compared to vehicle control. These effects did not reach significance in the NAc or DLS. 

Additionally, there was significantly higher expression of Drd1 in the DMS of AMG 579-treated 

males than females [F(1,104)=6.118, p=0.015], whereas, conversely, vehicle-treated females 

tended to have greater DMS Drd1 expression than their male counterparts [F(1,104)=3.476, 

p=0.065].  

As Figure 4B shows, were no significant interactions or main effects in Drd2 expression 

that were seen when region was used as a factor. However, when analyzing at the regions 

separately, in the DLS there was a Sex main effect whereby females expressed more Drd2 than 

males [F(1,39)=6.754, p=0.013].  

As seen in Figure 4C, analysis of Egr1 expression in all DAPI-positive cells revealed Sex 

[F(1,104)=8.214, p=0.005] and Treatment [F(1,104)=8.042, p=0.005] main effects wherein 

males had higher Egr1 expression and treatment with AMG 579 decreased Egr1 expression. 

When analyzed by each region separately, the results showed that these main effects were driven 

by a Sex main effect in the NAc (males > females, F(1,28)=7.880, p=0.009) as well as Treatment  

[F(1,37)=8.550, p=0.006] and a 2-way Treatment X  Sex interaction in the DMS. Thus, in the 

DMS, males that received vehicle had higher Egr1 expression levels than females with the same 
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treatment [F(1,37)=5.961, p=0.020], and AMG 579 decreased DMS Egr1 expression of male rats 

[F(1,37)=17.619, p<0.001] vs. vehicle control. However, there were no significant Region main 

effects or interaction in the model.  

 

Drd1 and Egr1 Expression Levels in Drd1-expressing cells  

There were no significant main or interaction effects in the Drd1 expression levels within 

the Drd1-expressing cells (Figure 5A).  

As Figure 5B shows, Egr1 expression levels had a significant 3-way interaction between 

Treatment X Region X Sex [F(2,103)=3.682, p=0.029]. This reflected that in the DMS of the 

males, AMG 579 reduced the expression of Egr1 [F(1,103)=7.668, p=0.007] vs. vehicle control. 

In females treated with vehicle, DLS had more Egr1 expression than NAc [F(2,103)=2.525, 

p=0.032]. In males treated with AMG 579, the DLS had significantly higher expression than the 

DMS [F(2,103)=5.189, p=0.002]. In the DMS of rats that received drug, females had higher 

Egr1 expression than males [F(2,103)=2.525, p=0.044]. When analyzing each region separately, 

that the results show that in the NAc there was a Sex main effect whereby males showed higher 

Egr1 expression [F(1,27)=6.084, p=0.020] and in DMS there was a 2-way interaction between 

Treatment X Sex [F(1,37)=5.331, p=0.027] where in rats that received vehicle treatment, males 

showed higher Egr1 expression than females [F(1,37)=5.354, p=0.026]. AMG 579 reduced Egr1 

expression of males in the NAc as compared with vehicle controls. However, there were no 

Region main effects or interaction in the model.  
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Drd2 and Egr1 Expression Levels in Drd2-expressing cells 

As Figure 6A shows, there was a Sex main effect on Drd2 expression in Drd2-expressing 

cells in which females showed significantly higher Drd2 expression than males [F(1,104)=4.520, 

p=0.036]. When each region was analyzed separately, the results suggest that this sex difference 

was driven by the DLS [F(1,39)=6.793, p=0.013], as none of the other regions show significant 

sex differences in Drd2 expression within Drd2 positive cells. However, there were no 

Treatment or Region main effects or interactions in the overall model.  

 As seen in Figure 6B, Egr1 expression within Drd2-positive cells showed both Sex and 

Treatment main effects, whereby males had higher expression of Egr1 [F(1,104)=10.112, 

p=0.002], and treatment with AMG 579 reduced expression of Egr1 [F(1,104)=8.308, p=0.005]. 

Considering each region separately, there was a 2-way (Treatment X Sex) interaction in the 

DMS [F(1,37)=7.558, p=0.009], whereby AMG 579-treated males had higher Egr1 expression 

than females with same treatment [F(1,37)=4.640, p=0.038].  However, in the overall mixed 

model, there were no main effects or interactions involving Region.  

 

Drd1, Drd2, and Egr1 Expression Levels in Undefined Cells.  

As Figure 7A shows, Drd1 expression within undefined cells showed a significant 3-way 

Treatment X Sex X Region [F(2,104)=3.549, p=0.032]. Treatment with AMG 579 decreased 

Drd1 expression in the DMS of female rats [F(1,104)=5.381, p=0.022], but not in the male rats. 

Consequently AMG 579-treated male rats showed significantly higher DMS Drd1 expression 

than their female counterparts [F(1,104)=5.213, p=0.024]. Conversely, vehicle-treated females 

showed greater DMS Drd1 than males [F(1,104)=4.119, p=0.045].  
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As Figure 7B shows, Drd2 expression showed a Sex main effect in which females had 

higher Drd2 expression than males [F(1,104)=4.018, p=0.048]. There were no main or 

interaction effects involving Treatment or Region. 

Lastly, as Figure 7C shows, Egr1 expression in undefined cells showed Treatment, Sex, 

and Region main effects. Specifically, AMG 579 reduced expression of Egr1 [F(1,104)=8.513, 

p=0.004], males had higher Egr1 than females [F(1,104)=10.123, p=0.002], and the undefined 

cells in the DLS had higher Egr1 expression than those in the DMS [F(1,104)=3.486, p=0.034].  
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Chapter 3.3 Discussion 

 

Similar to Chapter 2 studies in mice, the way AMG 579 influenced MSN marker 

expression, IEG expression, and their co-expression in rats was different than what was 

expected. As in Chapter 2, AMG 579 unexpectedly reduced Egr1 expression, seen broadly in 

Drd2-, but not Drd1-, expressing cells. When looking at regional differences, greater treatment-

related effects were seen within the dorsal striatum. For example, expression-levels of Drd1 

across all DAPI-positive cell types showed significance at the 3-way Treatment X Sex X Region 

level. This was because AMG 579 selectively reduced Drd1 expression in the DMS. Within this 

region, males normally showed lower Drd1 expression than females, a sex difference that 

reversed with AMG 579 treatment. AMG 579 also decreased Egr1 expression in DAPI-positive 

cells, but there seemed to be cell type variation in this effect. Specifically, in Drd1-positve cells 

AMG 579 differentially reduced Egr1 expression in the DLS of males, whereas it reduced Egr1 

expression more broadly in Drd2-positive and undefined cells. Lastly, in undefined cells, 

treatment with AMG 579 decreased Drd1 expression in the DMS of female rats, but not male 

rats.  

Regional Differences in AMG 579 Treatment Effects on MSN expression 

I hypothesized to see a stronger Treatment effect in the AMG 579 treated group, defined 

by greater changes in MSN marker and IEG expression, within the dorsal striatum than in the 

nucleus accumbens. Such an outcome may have potential therapeutic implications for 

modulating the regional shift in control of behavior associated with the development of 

compulsive drinking. Consistent with this, there were 3-way interactions involving Treatment 

and Region for AMG 579 effects on Egr1 and Drd1 expression (Drd1 expression in all DAPI-
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positive cells, Egr1 expression in Drd1-positive cells, Drd1 expression in undefined cells) that 

suggest a differential impact of AMG 579 administration on the dorsal striatum. Regarding Drd1 

expression within the undefined cells, there was a larger AMG 579 treatment effect within the 

DMS of females than in the other 2 regions. The 3-way effect in Egr1 expression in Drd1-

positive cells saw a Treatment effect in the DMS and in Drd1 expression in all DAPI-positive 

cells, there was a Treatment effect in the DMS of both male and female rats. Generally, 

Treatment effects were seen as a decrease in expression, similar to the results seen in Chapter 2, 

with the exception of Drd1 expression in all DAPI positive cells in DMS of males where there 

was an increase in expression after treatment with AMG 579. This seems to support the 

hypothesis that AMG 579 differentially affected the dorsal striatum, the DMS especially, more 

than the NAc. 

Cell-type differences in AMG 579 Treatment Effects on Egr1 Expression: Drd1- vs. Drd2-

Positive Cells  

I predicted that there would be more D2 activation compared to D1 activation in the 

AMG 579-treated group, defined by greater Egr1 expression in Drd2-positive cells. What I 

instead saw was that Egr1 expression in Drd2-positive cells was significantly lower in the AMG 

579 treated group than the vehicle treated.  However, there was no significant effect of AMG 579 

on the expression of Egr1 in Drd1-positive cells. This seems to partially agree with the 

hypothesis insofar that the Treatment effect was more pronounced in the Drd2-positive cells than 

in the Drd1-positive cell populations. However, this effect was an unexpected decrease in IEG 

expression, which nonetheless seems to align with my findings from the previous chapter. In 

previous studies, it was shown that the PDE10A inhibitor, MP-10, induced greater IEG 

activation in D2 cells more than D1 cells. AMG 579 seems to have a similar indirect pathway-
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related effect, but in the opposite direction, whereby it decreased IEG expression in D2 cells 

more significantly than in D1 cells.  

Sex Differences in AMG 579 Treatment Effect on Drd1 and Egr1 Expression 

Similar to the previous chapter, treatment with AMG 579 treatment was expected to be 

more pronounced in the male rats than the females. However, what was seen was that treatment 

with AMG 579 altered expression Drd1 and Egr1 in opposing directions between the sexes. For 

example, in Drd1 expression in DAPI-positive cells revealed that in DMS of males, there was 

increased expression as a result of AMG 579 treatment but in females there was the opposite 

effect where there was decreased expression after treatment with AMG 579. In the same region, 

males saw a decrease in Egr1 expression in Drd1-postive cells, with no significant effect in 

females. In contrast, Drd1 expression in undefined cells decreased in females with no effect seen 

in males. This suggests that AMG 579 has a sexually dimorphic effect in the DMS that varies by 

gene target or cell type.   
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Chapter 4: Conclusion 

 

Chronic ethanol exposure and consumption can lead to maladaptive neurobiological 

changes in the brain’s reward and motivation systems and perpetuate harmful drinking. A 

proposed mechanism for this is that chronic alcohol may disrupt balance between the D1-direct 

and D2-indirect pathways that lead to relatively underactive iMSNs or overactive dMSNs and 

compulsive drinking. I investigated the ability of the ethanol drinking-relevant doses on the drug-

candidate AMG 579 to affect D1 and D2 MSN activation. In Chapter 2, I used qPCR to measure 

the change in expression levels in the D1 MSN markers Drd1 and the D2 MSN markers Drd2 

and Penk as well as changes in markers of neuronal activation, Egr1 and Fos. Wild-type and 

PDE10A2tTA/tTA mice were administered a dose of AMG 579 at a dose that reduces EtOH 

consumption in post-dependent mice (100 nmol/kg, i.p.) and then after a 90-minute post-

treatment interval, brain punches of the DLS and NAc were taken. The mRNA was extracted and 

reverse transcribed before conducting qPCR on the following gene targets: Pde10a2, Egr1, Fos, 

Drd1, Drd2, Penk. Results showed that both Pde10a2-knockout and treatment with AMG 579 

reduced Drd1 and Drd2 and Pde10a2 expression. Penk expression was reduced in the knockout 

mice as a result of the AMG 579 compound as well. Even though the statistical analysis showed 

that AMG 579 reduced Egr1 and Fos expression regardless of genotype, descriptively there was 

less of a significant effect in the KO mice, but this could be due to small sample size and the 

limits of power associated with that. Because of the limitation of the sample size, the experiment 

would need to be expanded with a larger sample size in order to increase confidence in this 

provisional interpretation that AMG 579 had a blunted effect has on IEG expression in the male 

KO mice.  
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In Chapter 3, RNAscope was used to see if injection with AMG 579 differentially 

activated D1- or D2-positive cell types, and if these effects differed by region or sex. I conducted 

RNAscope on wild-type, alcohol naive adult Wistar rats. Firstly, I treated them with a dose that 

has previously shown to decrease ethanol drinking in post-CIE rats (444 nmol/kg, i.p.), and after 

a 90-minute post-injection period, extracted their brains which were flash frozen. The brains 

were sectioned using a cryostat and mounted on slides. Slides in the A/P: +1.6-1.8 bregma range 

were selected for the RNAscope assay. I conducted the assay using the protocol provided by 

ACD for fresh frozen tissue using probes for Drd1, Drd2, and Egr1. The DLS, DMS, and NAc 

were imaged using a confocal microscope, and the puncta were counted using a custom 

CellProfiler pipeline. D1, D2, and undefined cells were defined by thresholding the standardized 

Drd1 and Drd2 expression. In all three cell groups (D1, D2, and undefined), treatment with 

AMG 579 reduced expression of Egr1. Effects were more significant in the DMS and DLS than 

in the NAc. Treatment seemed to have a sexually dimorphic effect in the DMS that varied by 

gene target or cell type.  

The effects of this compound were different than what was hypothesized. Other PDE10A 

inhibitors, like MP-10, MR1916, and TAK-063 seem to activate both D1 and D2 marker 

expression; however, here, both the qPCR and RNAscope results appeared to show that the 

compound decreased both Drd1- and Drd2-mediated cell expression and IEG activation. These 

results were consistent with the changes seen in the KO mice, suggesting that AMG 579 also 

reduces expression in a manner consistent with Pde10a2-KO. Even though the statistical analysis 

showed that the compound has an effect on IEG expression regardless of genotype, descriptively 

there was no significant effect in the KO male mice, suggesting a dependence on the Pde10a2 
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isoform. Because of the limitation of small sample size, this experiment would need to be 

repeated with a larger sample size in order to increased confidence in this tentative conclusion.  

Preliminary results (see Supplementary Figure 2) suggest that higher AMG 579 doses 

(200 nmol/kg) have the potential to reduce ethanol drinking in WT, but not KO, post-CIE 

exposure mice. Further study is needed to see how MSN marker (especially Pde10a2) and IEG 

expression changes as a result of CIE exposure and how AMG 579 through a range of doses 

influences expression in post-CIE mice.  

Further study with a larger sample size is needed to confirm the deactivation effect AMG 

579 has on MSN marker expression. There still needs to be more research looking at how the 

compound affects expression levels in alcohol dependent animals as well as if there is a change 

in how the compound affects marker expression in high- vs. low-drinking animals since MR1916 

was shown to have different effects on expression depending on whether the animals were high 

or low drinkers.  The response to PDE10A inhibition might change as a result of alcohol-

exposure as well, so testing the response the compound has on alcohol-exposed mice in the 

future is vital to understanding how this compound works. It is also unknown if a treatment that 

focuses on reducing overactive D1 expression is better suited to treat AUD then one that 

increases the expression of underactive D2 expression, further study is needed to determine if 

this reduction is more preferential or effective. It would be interesting to compare AMG 579, 

which potentially reduces ethanol consumption by reducing D1 expression with a PDE10A 

inhibitor that acts on increasing D2 expression to see which one is better suited to modulate 

problematic drinking and to compare the changes in MSN marker and IEG expression at 

equimolar doses.    
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Figure 1: Effects of AMG 579 on gene expression of phosphodiesterase 10a2 (Pde10a2) in the 

(A) dorsal–lateral striatum and (B) nucleus accumbens in EtOH-naïve male and female Pde10a2-

KO and Wild-type mice 90 minutes after injection (i.p.) with AMG 579 (100 nmol/kg) or 10% 

w/v 4-hydroxypropyl--cyclodextrin (vehicle). Each bar represents the mean z-score ± SEM, 

showing individual values. N= 6–14/treatment/sex. *=significantly different Treatment main 

effect, †= significantly different Genotype main effect. *, †  p < 0.05  
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Figure 2: Figure 2. Effects of AMG 579 on gene expression of Medium Spiny Neuron (MSN) 

Markers: (A-B) dopamine receptor 1 (Drd1), (C-D) dopamine receptor 2 (Drd2), (E-F) 

enkephalin (Penk) in the (A,C,E) dorsal–lateral striatum and (B,D,F) nucleus accumbens in 

EtOH-naïve male and female Pde10a2-KO and WT mice 90 minutes after injection (i.p.) with 

AMG 579 (100 nmol/kg) or 10% w/v 4-hydroxypropyl--cyclodextrin (vehicle). Each bar 

represents the mean z-score ± SEM, showing individual values. N= 6–14/treatment/sex. 

*=significantly different Treatment effect, #= significantly different Sex effect, †= significantly 

different Genotype effect. *, #, † p < 0.05  
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Figure 3: Effects of AMG 579 on gene expression of Immediate Early Genes (IEGs): (A-B) early 

growth response protein 1 (Egr1), (C-D) FBJ murine osteosarcoma viral oncogene homolog 

(Fos) in the (A,C) dorsal–lateral striatum and (B,D) nucleus accumbens in EtOH-naïve male and 

female Pde10a2-KO and WT mice 90 minutes after injection (i.p.) with AMG 579 (100 

nmol/kg) or 10% w/v 4-hydroxypropyl--cyclodextrin (vehicle). Each bar represents the mean z-

score ± SEM, showing individual values. N= 6–14/treatment/sex. *=significant Treatment effect, 

p < 0.05. 
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Figure 4: Effects of AMG 579 on (A) dopamine receptor 1 (Drd1), (B) dopamine receptor 2 

(Drd2), and (C) early growth response protein 1 (Egr1) gene expression in DAPI-positive cells, 

regardless of cell type, in the dorsal-lateral striatum (DLS), dorsal-medial striatum (DMS), and 

nucleus accumbens (NAc) of male and female EtOH-naïve Wistar rats 90 mins after injection 

(i.p.) with AMG 579 (444 nmol/kg) or 10% w/v 4-hydroxypropyl--cyclodextrin (vehicle). Each 

bar represents the mean z-score ± SEM, showing individual values. N= 6-14 

/treatment/sex/region. *=significantly different Treatment effect, #= significantly different Sex 

effect. *, # p < 0.05 
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Figure 5: Effects of AMG 579 on of (A) dopamine receptor 1 (Drd1), and (B) early growth 

response protein 1 (Egr1) gene expression in Drd1-positive cells in the dorsal-lateral striatum 

(DLS), dorsal-medial striatum (DMS), and nucleus accumbens (NAc) in male and female EtOH-

naïve Wistar rats 90 mins after injection (i.p.) with AMG 579 (444 nmol/kg) or 10% w/v 4-

hydroxypropyl--cyclodextrin (vehicle). Each bar represents the mean z-score ± SEM, showing 

individual values. N= 7–14/treatment/sex/region. *=significantly different Treatment effect,       

#= significantly different Sex effect, $=significantly different Region effect.  

*, #, $ p < 0.05  
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Figure 6: Effects of AMG 579 on (A) dopamine receptor 2 (Drd2), and (B) early growth 

response protein 1 (Egr1) gene expression in Drd2-positive cells in the dorsal-lateral striatum 

(DLS), dorsal-medial striatum (DMS), and nucleus accumbens (NAc) in male and female EtOH-

naïve Wistar rats 90 mins after injection (i.p.) with AMG 579 (444 nmol/kg) or 10% w/v 4-

hydroxypropyl--cyclodextrin (vehicle). Each bar represents the mean z-score ± SEM, showing 

individual values. N= 6–14/treatment/sex/region. *=significantly different Treatment effect, #= 

significantly different Sex effect. *, # p < 0.05 
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Figure 7: Effects of AMG 579 on of (A) dopamine receptor 1 (Drd1), (B) dopamine receptor 2 

(Drd2), and (C) early growth response protein 1 (Egr1) gene expression in undefined cell-type in 

the dorsal-lateral striatum (DLS), dorsal-medial striatum (DMS), and nucleus accumbens (NAc) 

in male and female EtOH-naïve Wistar rats 90 mins after injection (i.p.) with AMG 579 (444 

nmol/kg) or 10% w/v 4-hydroxypropyl--cyclodextrin (vehicle). Each bar represents the mean z-

score ± SEM, showing individual values. N= 6–14/treatment/sex/region. *=significantly different 

Treatment effect, $=significantly different Region effect, #= significantly different Sex effect. *, 

#, $ p < 0.05  
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Figure 8: Confocal microscopy images of typical dorsal-medial striatum coronal section studied 

with RNAscope fluorescent in-situ hybridization from (A) vehicle-treated female (B) AMG 579-

treated female (444 nmol/kg, i.p.) (C) vehicle-treated male (D) AMG 579-treated male (444 

nmol/kg, i.p.) Wistar rats 90 min after administration. Representative of the significant (p< 0.05) 

difference of Egr1 expression in Drd1-expressing cells. 2-way Treatment X Sex interactions: 

mean z-score difference of treated females – males = 0.622 and AMG 579 treated males – 

control males mean z-score difference = -0.863. Vehicle treated female panel (A) represents 

median Egr1 expression for that group (z-score = 0.358) 
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Figure 9: Confocal microscopy images of typical nucleus accumbens coronal section studied 

with RNAscope fluorescent in-situ hybridization from (A) AMG 579-treated male (444 nmol/kg, 

i.p.) (B) AMG 579-treated female (444 nmol/kg, i.p.) Wistar rats 90 min after administration. 

Representative of the significant (p< 0.05) Sex main effect reflected in the mean difference of 

Egr1 z-scores in Drd1-expressing cells: Males - Females mean z-score difference= 0.569. 
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Supplemental Figure 2: Effects of AMG 579 pretreatment (~60 min, i.p.) on total EtOH intake in 

post-CIE (B,D) and air control (A,C) male (A-B) and female (C-D) mice during 2-bottle choice 

EtOH vs. water self-administration. Data collected by Scripps Animal Models Core. Histograms 

show group M+SEM, with scatter plots showing individual values. N=3-12 /sex/genotype.         

*= doses differ significantly from each other, $= dose differs significantly from respective WT 

control, #= dose differs significantly from air control. *, $, #, p < 0.05 using repeated measures 

mixed model with Dose as within-subject factors and Genotype, Air, and Sex as between-subject 

factors. 
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